Heat Transfer Through Sweat Cooled Porous Tubes H. 1. Wheeler and Pol Duwez 519 


The Effect of Ambient Pressure Oscillations on the Disintegration and Dispersion of 


A Method for Estimating Altitude Performance of Balloon Launched Rockets. . . me 
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WV hen Dagwood dashes for the morning 
copter-bus, the postman will be safely 
buzzing around overhead busily dropping 
his mail in each house’s aerial chute. 


Swiftness of the copter-bus will enable the 
Bumsteads and other American families 
to enjoy real country living many miles 
away from the breadwinner’s job in the 
metropolitan and industrial areas. 


Today’s research in rocket power at RMI 
is constantly bringing these highly effi- 
cient vehicles for private, commercial and 
military use closer to reality. If you are 
interested in rocket power applications, 
write us today. 


Higher Payloads 


... greater rate of climb... unheard of 
altitudes for flying pinwheels through a 
new power concept — RMI rocket engines. 
At left is Kellett’s KH-15 “Stable Mabel,” 
one-man copter with rotor-mounted RMI 
hydrogen-peroxide rockets. 


Career opportunities available for experienced mechanical, 
aeronautical, electrical and chemical engineers, physicists, 
chemists. Send complete resume to employment manager. 


REACTION MOTORS, INC. 


Denville, New Jersey posers 
Affiliated with OLIN MATHIESON CHEMICAL CORP. 
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Scope of JET PROPULSION ( 


Jer Propuston, the Journal of the American Rocket Society, is 
devoted to the advancement of the field of jet propulsion through the 
publication of original papers disclosing new knowledge and new de- 
yelopments. The term “‘jet propulsion” as used he ES 
to embrace all engines that develop thrust by rearward discharge of a 
jet through a nozzle or duct; and thus it includes systems utilizing 
atmospheric air and underwater systems, as well as rocket engines. 
Jer Proputsion is open to contributions, either fundamental or ap- 
plied, dealing with specialized aspects of jet and rocket propulsion, 
such as fuels and propellants, combustion, heat transfer, high tem- 
perature materials, mechanical design analyses, flight mechanics of 
jet-propelled vehicles, astronautics, and so forth. Jet ProPpuLsion 
endeavors, also, to keep its subscribers informed of the affairs of the 

iety and of outstanding events in the rocket and jet propulsion 
field. 


Limitation of Responsibility 


Statements and opinions expressed in Jet Propunsion are to be 
understood as the individual expressions of the authors and do not 
necessarily reflect the views of the Editors or the Society. 


Subscription Rates 


One year (twelve monthly issues)...................-.-- $10.00 

Foreign countries, additional postage............... add .50 

Special issues, single copies...................eceeeeeeee 2.50 

Change of Address 


Notices of change of address should be sent to the Secretary of the 
Society at least 30 days prior to the date of publication. 


Information for Authors 


Preparation of Manuscripts 


Manuscripts must be double spaced on one side of paper only with 
wide margins to allow for instructions to printer. Submit two copies: 
original and first carbon. Include a 100-200 word abstract of paper. 
The title of the paper should be brief to simplify indexing. The 
author’s name should be given without title, degree, or honor. A 
footnote on the first page should indicate the author’s position and 
affiliation. Include only essential illustrations, tables, and mathe- 
matics. References should be grouped at the end of the manuscript; 
footnotes are reserved for comments on the text. Use American 
Standard symbols and abbreviations published by the American 
Standards Association. Greek letters should be identified clearly for 
the printer. References should be given as follows: For Journal 
Articles: Title, Authors, Journal, Volume, Year, Page Numbers. 
For Books: Title, Author, Publisher, City, Edition, Year, Page 
Numbers. Line drawings must be made with India ink on white 
paper or tracing cloth. Lettering on drawings should be large 
enough to permit reduction to standard one-column width, except 
for unusually complex drawings where such reduction would be pro- 
hibitive. Photographs should be clear, glossy prints. Legends must 
accompany each illustration submitted and should be listed in order 
on a separate sheet of paper. 


Security Clearance 


Manuscripts must be accompanied by written assurance as to 
security clearance in the event the subject matter of the manuscript 
is considered to lie in a classified area. Alternatively, written assur- 
ance that clearance is unnecessary should be submitted. Full respon- 
sibility for obtaining authoritative clearance rests with the author. 


Submission of Manuscripts 


Manuscripts should be submitted in duplicate to the Editor-in- 
Chief, Martin Summerfield, Professor of Aeronautical Engineering, 
Princeton University, Princeton, N. J. 


Manuscripts Presented at ARS Meetings 


A manuscript submitted to the ARS Program Chairman and 
aecepted for presentation at a national meeting will automatically 
be referred to the Editors for consideration for publication in Jet 
PRoputsion, unless a contrary request is made by the author. 


To Order Reprints 


Prices for reprints will be sent to the author with the galley proof, 
and orders should accompany the corrected galley when it is returned 
to the Assistant Editor. 
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PIONEER AND LEADER IN ROCKET ENGINE 
DESIGN AND DEVELOPMENT 


North American‘s Propulsion Center Offers 


CAREERS FOR ENGINEERS 
ROCKET ENGINE DESIGN 


NOW, you can check on positions in the engine industry 
with an assured future—rocket engine design and develop- 
ment. North American...the company that has _ built 
more airplanes than any other company in the world... 
is also a pioneer in rocket engine design and development. 
Today, North American is the acknowledged leader in large 
liquid rocket engines. 


YOU can be part of this success. ..team up with the top 
engineers in rocket engine design and development. Your 
ideas and work are given unusual recognition at North 
American...our liberal Patent and Suggestion Award 
Programs prove this. A fine Retirement Plan and other 
personal benefits are yours also at North American. 

Assure your future now. You can work at North Ameri- 
can’s Propulsion Test Laboratory in the Santa Susana 
Mountains or at Propulsion Center—in a new, multi-mil- 
lion-dollar laboratory now being built in beautiful, urban 
Canoga Park in Southern California’s fabulous San Fer- 
i nando Valley. 


ON-THE-SPOT MOVING ALLOWANCE AND SALARY OFFERS! 
ROCKET ENGINE ENGINEERS: Experi- EQUIPMENT DESIGN ENGINEERS: 


ence on rocket engine design pref- Electrical, mechanical or structural. 
engineers—top positions for high 
experience. 


erable, or internal combustion en- 
gine experience, or design and de- 
velopment experience on turbines, CQMPUTER ENGINEERS: Experienced 
pumps, engine instrumentation, com- _in programming engineering analyt- 
bustion devices, engine controls. ical problems for digital computers. 
MATHEMATICIANS - MECHANICAL ENGINEERS - ELECTRICAL ENGINEERS 
CHEMICAL ENGINEERS - AIRCRAFT STRUCTURAL ENGINEERS 


Experienced in any field, with a desire to get into rocket engine design. 


CONTACT TODAY! 


Mr. D. S. Grant 

Engineering Personnel Office 
Department 91-20-JP 
Downey, California 


ENGINEERING AHEAD FOR A BETTER TOMORROW 


N ORTH American Aviation, INC. 
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Aircraft .. . missiles... now earth-circling satellites. The radius of 
research in the field of supersonic propulsion is 
constantly being lengthened. 


Spearheading an attack on problems of power, speed, and altitude, 

a unique new research group integrates the knowledge, 

experience, and facilities of three outstanding companies. Marquardt 
: Aircraft, Olin Mathieson Chemical, and Reaction Motors 

bring together leading authorities in engine design, chemical research, 
metallurgy, chemical and explosives production. 

Now coordinated through a technical group known as the OMAR 
Committee, chemical and mechanical capabilities are joined for the 

} first time to add new impetus to the science of supersonic propulsion. 


PROPELLANTS ROCKETS 


MARQUARDT AIRCRAFT 
OLIN MATHIESON CHEMICAL 
REACTION MOTORS 


Marquardt Aircraft Company 
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Midget, lightweight Fairchild J44 turbojet engines 
provide “extra-engine” safety power for twin-engined 
aircraft — “extra push” for those military and com- 
mercial transports which must carry higher payloads 
and yet operate safely under marginal weather and 
terrain conditions. 


These 1000-lb. thrust mighty-midgets produce three 
pounds thrust for one pound of engine weight. They 
give big-engine performance in small, compact pack- 
ages — they are low-cost, easily serviceable engines. 
Fairchild J44’s are now completing 150-hour military 
and commercial qualifications for inhabited aircraft. 
Performance in military transports, guided missiles, 
target drones and other specialized installations since 
1950 has provided substantial operational experi- 
ence. J44’s are reliable and economical to operate. 
They are leaders in the small turbojet engine family. 


Versatile J44’s are Fairchild Engine Division’s answer 
to transport operators who need immediate,, AVAIL- 
ABLE lightweight power boost for specialized appli- 
cations, Newer and more compact power packages 
are being designed and tested for tomorrow’s military 
and commercial requirements, 


ENGINE anp 


AIRCHI 


* Including AL-FIN, the Fairchild patented process 
for the molecular bonding of aluminum and mag- 
nesium to steel, cast iron, nickel or titanium. 


Fairchild J-44 wing-tip thrust assist power 
proved highly successful during extensive 
evaluation flights on a Fairchild C-123B 

assault transport. 
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GOING HIGHER TOGETHER: 


Combustion Interest | 
Temperatures in CARBON |; 


With modern rocket fuels becoming hotter and hotter to 
handle, combustion engineers are examining carbon for 
short-time strength at extremely high temperatures. 
Results are encouraging: 

%* Carbon and graphite are both established re- 
fractory materials. They have softening points 
well above those of steel alloys. 

* According to recent investigations, the tensile 
strength of graphite actually increases with 
temperature—up to about 5432° F. 

* Carbon and graphite parts can be machined 

to precise specifications. 


Speer has extensive back- 
ground in applications of car- 
bon as a refractory material. 
What high-temperature prob- 


= lem can we solve for you? 


Engineers! 


Join this 
winning team! 


° At DOUGLAS you'll be 
associated with top engineers 
who have designed the key 
airplanes and missiles on the 
American scene today. For 
example: 


DC-7 “SEVEN SEAS" America’s 
finest, fastest airliner 


== 


F4D “‘SKYRAY" Only carrier 
plane to hold world’s speed record 
aa 


C-124 ‘‘GLOBEMASTER"”' 
World’s largest production transport 


NIKE Supersonic missile selected to 
protect our cities 


“SKYROCKET” First airplane 
to fly twice the speed of sound 


A3D ‘“‘SKYWARRIOR" Largest > 
carrier-based bomber 


A4D “SKYHAWK” Smallest, 
lightest atom bomb carrier 


B-66 Speedy, versatile jet bomber 


With its airplanes bracketing 
the field from the largest per- 
sonnel and cargo transports 
to the smallest combat types, 
and a broad variety of mis- 
siles, Douglas offers the engi- 
neer and scientist «unequalled 
job security, and the greatest 
opportunity for advancement. 


For further information relative 
to employment opportunities at 
the Santa Monica, El Segundo 
and Long Beach, California, divi- 
sions and the Tulsa, Oklahoma, 
division, write today to: 


DOUGLAS AIRCRAFT COMPANY, Inc. 


C. C. LaVene, Employment Mgr. 
Engineering General Office 

3000 Ocean Park Blvd. D, 
Santa Monica, California 
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TACTICAL PROBLEM: 


PRACTICAL REPLY: 


To design and build a jet bomber able to operate 


from the smallest World War II “jeep” carriers. 


ee 


The DOUGLAS A4D Skyhawk 


Designed for the U. S. Navy and now in 
volume production, the Douglas A4D 
Skyhawk cuts many of the tactical re- 
strictions imposed by the higher landing 
and take-off speeds of modern jet aircraft. 

Thiscompact attack bomber flies faster 
and farther with a greater striking load 


Be a Naval Flier—write to 
Nav Cad, Washington 25, D. C. 


Depend on DOUGLAS 
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than any airplane of comparable size . . . 
outspeeds many jet fighters twice its 
size. Yet it can fly with ease from “jeep” 
carriers and short, advanced airstrips 
barred to most jets. Wingspan is so 
short that Skyhawk can be stored in 


quantity aboard carriers without folding 


its wings—a simplification that makes 
important savings in both weight and fuel. 

Performance of A4D Skyhawk is 
another example of Douglas leadership 
in aviation. Greater utility with lower 
production cost, through highly simpli- 
fied design, is always a rule at Douglas. 


First in Aviation 


ye 
600 feet 
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One of the nation’s leading producers of ammonia, 

Olin Mathieson operates major facilities at 
=r" Lake Charles, Louisiana; Niagara Falls, New York; 
and Morgantown, West Virginia. 


Olin Mathieson’s modern petrochemical plant at 
=== = Brandenburg, Kentucky, produces substantial tonnages 
of this fuel component. 


A propellant and additive to liquid fuels, hydrazine 
=x: axa is produced at Lake Charles, Louisiana, in 
commercial quantities. 


Potential applications of unsymmetrical dimethyl 
===» hydrazine are analogous to those served by the 
parent series of hydrazine compounds. 


UNS. DIMETHYL __ 
HYDRAZINE 


Ba HNO; is available in tank cars and tank trucks 
from Lake Charles, Lovisiana, and other points. 


Olin Mathieson, for over 60 years a leading 
producer of basic industrial chemicals, offers 
you a dependable source of supply for impor- 
tant rocket fuel components. For complete infor- MATHIESON 
mation and technical data call or write today. 


MATHIESON CHEMICALS 


OLIN MATHIESON CHEMICAL CORPORATION 
INDUSTRIAL CHEMICALS DIVISION * BALTIMORE 3, MD. 
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seriEs 66W 


VARIABLE DELIVERY 
PRESSURE COMPENSATED 
TYPE REGULATOR 


Designed to operate at service alti- 
tudes without reservoir pressurization. 
These pumps meet or surpass the 
requirements of Specification MIL-P- 
7740A, They are self-priming and 
accommodate inlet pressures to 80 
psia. Nominal deliveries of 0.25 to 10 
gpm. Speeds to 10,000 rpm on smaller 
sizes. Continuous pressures to 3000 psi. 


SERIES 65F 


FIXED 
DISPLACEMENT 
For use at higher service 
altitudes without reservoir 
pressurization. Inletpressures 
to 80 psia. Nominal deliveries 
of 0.5, 1, 2 and 3 gpm. 


SERIES 67V 
VARIABLE DELIVERY 
INLET FLOW REGULATOR 
The most direct known 
method of integral maximum 
pressure regulation. Capaci- 
ties range from 0.85 to3 gpm, 
over two dozen different 

models. 


SERIES 67MW 
VARIABLE DELIVERY 
DUAL PRESSURE 
SERVO CONTROL 
Selective operation in either 
of two pressure ranges. Hy- 
draulic or electrical pilot con- 
trol. Adaptable to 66W or 

67W Series Pumps. 


CAPACITIES: Rated at 1500 rpm. 
MAXIMUM CONTINUOUS SPEEDS: 3750 rpm. 
MAXIMUM INTERMITTENT SPEEDS: 4500 rpm. 


OPERATING PRESSURES: Continuous duty to 3000 psi. 


WATERTOWN wwwision 


THE NEW YORK AIR BRAKE COMPAN 


HYDRAULIC PUMPS for the AIRCRAFT INDUSTRY 


SERIES 67 
FIXED 
DISPLACEMENT 
Over thirty models include 
nominal deliveries of from 
0.25 to 3 gpm. Pumps of the 
0.5, 1, 2 and 3 gpm sizes 
have AN approval under 

MIL-P-7850. 


SERIES 67W 
VARIABLE DELIVERY 
PRESSURE COMPENSATED 
TYPE REGULATOR 
Fluid delivery instantly 
varied in response to system 
demands. Five sizes from 2 
to 10 gpm, forty different 

models. 


SERIES 167 
ELECTRIC 
MOTOR DRIVEN UNITS 


For use in boost, utility or 
emergency circuits. AC or 
DC electric motors for both 
continuous and intermittent 
duty operation. Any combi- 
nation of electric motor and 
STRATOPOWER Pump. 


WATERTOWN DIVISION 
| The New York Air Brake Company 
730 Starbuck Avenue, Watertown, New York 
Please send me full particulars on your STRATO. 
| POWER Hydraulic Pumps. 


Name 
| Company 


STARBUCK AVENUE e 
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Test vehicle, containing advanced G-E development 
rocket engine, is swung into pit at U.S. Army's 
Malta Test Station, N. Y. Complete instrumentation 
at pit’s control building will record hundreds of 
facts in less than a minute. G-E rocket engine de- 
signers have an extensive background in the direct 
application of engines to complete missile systems. 


ROCKET ENGINE PROGRESS AT GENERAL ELECTRIC 


Weight Cut 


ore Than 50% 


NEW G-E Rocket Thrust Chamber 


General Electric has tested an advanced rocket 
thrust chamber which weighs 50% less per pound 
of thrust than previous chambers of similar de- 
sign. This marks another step in General Electric’s 
continuing progress in developing better engines 
for the aviation industry. The significant weight 
reduction was achieved without compromising 
performance and reliability characteristics typical 
of G-E engines. 


’ General Electric has been cutting rocket engine 
weight ever since G-E engineers ran the first U.S. 
tests on German V-2 engines in 1947. For ex- 
ample, the use of lighter materials and the transfer 
of start-up components from missile to ground are 
two weight reduction methods G.E. has pioneered. 
Experiments with new materials and new means 
of fabrication promise even more improvements 
on future engines. 


Advanced Facilities Speed New Rocket Engine 
Development 


Today, General Electric is able to undertake a 
wide variety of rocket engine development work. 
The Company’s rocket team, as an integral part 
of the Aircraft Gas Turbine Development De- 
partment, has access to the nation’s most ad- 
vanced privately-owned aircraft engine develop- 
ment facilities, as well as support from other G-E 
labs. 


These facilities spell more and faster development 
progress for rocket engine programs and they 
underline G.E.’s increased capability for develop- 
ing a wide range of rocket systems, subassem- 
blies and components. To find out how General 
Electric can meet your specific rocket engine 
needs, contact a G-E Aircraft Specialist through 
your nearest G-E Apparatus Sales Office. 234-2 


Progress /s Our Most Important Product 


GENERAL ELECTRIC 


KET ENGINE DEVELOPMENT ACTIVITIES AT G.E. 


G-E Facilities Available 
to Support Rocket 
Engine Programs: 


e@ Component Development 
Laboratory 


e Materials Laboratory 


OVER EIGHT YEARS’ EXPERI- 


PER MAN is the record 
G-E rocket engineers. This 
'Perience is now paying off 
"edvanced powerplant designs 
development. 


STRONGER, LIGHTER ALLOYS being 
developed at G.E. will give rocket 
engines greater reliability, higher per- 
formance. A technician at the Com- 
pany’s Materials Laboratory checks a 
new alloy for tensile strength. 


PREDICTING ADVANCED G-E ENGINE 
PERFORMANCE with electronic com- 
puter cuts development time, enables 
G-E engineers to ascertain optimum 
design characteristics of engines still 
on the drawing board. 


@ Research Laboratory 


General Engineering Labs 
oratory 


e@ Combustion Laboratory 


Metals and Ceramics Lab- 
oratory 
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This chemical processing tower is more like a military rocket than its 
picture reveals. The similarity explains why M. W. Kellogg is in the 
development forefront of both. Each must function unfailingly under 
terrific temperatures and pressures. Each needs the experience of 
designers and artisans who can solve the many problems encountered 
under such critical operating conditions. 

The M. W. Kellogg Company has been engineering and fabricating 
industrial high temperature, high pressure vessels and power piping 
since their inception. Its long experience in this highly specialized 
field has resulted in an unequalled knowledge of metallurgy, metal 
fatigue, corrosion control, weight-strength relationships,. welding 
techniques and other related background in the utilization and control 
of high temperatures and high pressures. 

This explains why The M. W. Kellogg Company is so closely 
associated with the rocket engine development programs of all the 
Armed Forces, and why Kellogg is manufacturing rocket engines 
for the new Navy ship-to-air guided missile, The Terrier. We welcome 
the opportunity to put our engineering experience in rockets and 


other heat-pressure products to work for you. 


PROCESS EQUIPMENT 


PETROLEUM 
REFINERIES 


CHEMICAt 
MATERIALS 


SPECIAL 
STEEL ALLOYS 


THE M. W. KELLOGG COMPANY, NEW YORK 7, N.Y. . 


The Canadian Kellogg Company, Limited, Toronto * Kellogg Internationa! Corporation, London. ‘ 


SUBSIDIARIES OF PULLMAN INCORPORATED Semen, 
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Three NEW Refractory Products 
For Reaction Motors 


N THIS “high temperature age,” 
when industry is asking for mate- 

tials with ever higher melting points, 
the requirements of reaction motors 
are extremely demanding. 

Depending upon extreme tempera- 
ture differentials in converting heat 
into useful work, the power plants for 
jet propulsion present unique time- 
¥s.-temperature problems. To meet 
these problems, component materials 
must be able to withstand not only 
very high temperatures but also other 
factors such as thermal shock, ero- 
gion, corrosion and oxidation. 

Aware of these requirements, 
Norton Company has for years been 
engaged in a program of experimen- 
fation, development and testing of 
Various materials. A number of these 
lave proved highly satisfactory for re- 
ation motor and similar applica- 
fions; in particular, the three de- 


scribed below. 


ROKIDE* “A” 

Aluminum Oxide Coating 
A hard, adherent, refractory oxide 
gating, pure white in color and con- 
fining about 98.6% Al,Os. It has 
been successfully applied on ceram- 
ies, glass, and certain plastics but par- 
ticularly on metals in thicknesses of 
005’’ to .050’’, and greater in special 
tases. This crystalline oxide coating 
protects the base material under high 
temperatures and erosion conditions, 
and its alumina, being harder than 
the hardest steel, provides strong re- 
fistance to abrasion. ROKIDE “‘A” coat- 
ng is thermally and electrically in- 
ating and is slightly permeable. 
This coating and coating process are 

covered by U. S. Pat. $2,707,691. 


ROKIDE “C” 
Silicon Carbide Coating 

This coating was developed to im- 
prove graphite components for high 
temperature use. It consists of a pro- 
lective layer of pure CRYSTOLON® sili- 
con carbide, of dark gray or gray- 
green color, formed at high tempera- 
ture on the graphite, to protect it and 
increase its resistance to erosion and 
oxidation. The coating varies be- 
tween .002’’ and .030’’ but is usually 
wound .010’’. Itreactsintegrally with, 
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and becomes a part of, the graphite 
surface. A considerable part of the 
coating, therefore, is chemically de- 
rived from the graphite itself. ROKIDE 
*C” coating has excellent thermal 
shock resistance and extreme resis- 
tance to abrasion. It is slightly per- 
meable. This coating process is cov- 
ered by U. S. Pat. $2,667,627. 


CRYSTOLON® “N” 
Silicon Carbide Products 

These are monolithic bodies, kiln- 
fired at high temperature and molded 
to close dimensions in a wide variety 
of shapes and sizes. They have greater 
resistance to mechanical and thermal 
shock than most ceramics and, com- 
pared to other commercial refractory 
products, are very strong. CRYSTOLON 
*N” material is dense and extremely 
refractory. Products made of it have 
been used successfully at estimated 
temperatures as high as 5000°F for 
varying periods of time. 


Applications 

Typical applications for which 
these products have shown excep- 
tional promise: 

Rockets: nozzles, motor tube linings, 
thermal barriers. 

Guided Missiles: vanes, skin protec- 
tion, motor components. 

Ram Jets: tail pipe lining. 

Gas Turbines: inner combustion 
chamber lining, cross fire tube lining, 
flap nozzle coating, housing and 
shroud ring insulation. 

Miscellaneous: burner parts protec- 
tion, electrical insulation, thermo- 
couple tube protection. 


Licensing Policy 
A license for the use of the ROKIDE 
**A” aluminum oxide coating process 
can be obtained from Norton Com- 
pany. 
Other Norton Products 
of interest to designers and builders 
of reaction motors include refractory 
ceramic materials of commercial type, 
including fused. stabilized zirconia, 
various CRYSTOLON products, MAGNOR- 
1TE® fused magnesium oxide products 
and ALUNDUM® fused aluminum oxide 
roducts. Norton also makes a num- 
r of refractory carbides, borides and 


nitrides. These high-melting mate- 
rials, which have varied applications 
in many fields, are also the basic in- 
— of the famous Norton Re- 
ractory R’s — refractories engineered 
and prescribed for the widest range of 
uses. 

For further information on Norton 
products for reaction motors — or for 
other applications — write, mention- 
ing your requirements, to Norton 
Company, 641 New Bond Street, 
Worcester 6, Mass. 
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In Rockets, Jet Planes and Guided Mis- 
siles, Norton products for reaction motors 
— rokIDE “A” Aluminum Oxide Coating, 
ROKIDE “C” Silicon Carbide Coating and 
CRYSTOLON Silicon Carbide Monolithic 
Bodies — are used for many applications. 
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ROCKET 


POWER PLANT 
ENGINEERS 


NEEDED FOR RESEARCH, 
DEVELOPMENT, DESIGN 
AND TEST 


Bell Aircraft's Rocket Department has increased steadily in size and output. 
It is now one of the top three liquid-propelled rocket engine producers in 
the country. Opportunities exist to join Bell's Rocket Engine Department 
in the following capacities: 


MECHANICAL ENGINEERS 


Thermodynamic, heat transfer, and combustion prob- 
lems related to rocket engine design, design analysis; 
design of rocket engine components such as heat ex- 
changers and pressure vessels. 


CHEMICAL ENGINEERS or 


PHYSICAL CHEMISTS 
. Design and perform experiments in the field of com- 
ys position; combustion studies; laboratory flame stud- 
ies; ignition studies. 

TEST ENGINEERS 


Conduct liquid propellant rocket engine tests, ana- 
lyze test results, recommend changes to improve 
operational characteristics of rocket engines. 


Send complete resume to: Manager, Engineering Personnel 
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LIFETIME? 


The designer of guided missiles 
measures it in seconds... 

The designer of industrial equipment 
measures it in weeks ... months... 
even years. 

But whether design life is 30 seconds 
or 30 months, the problem is the 
same: a careful screening of the many 
super refractories now available to 
find exactly the right one. 

For example, CARBORUNDUM'’s line 
includes silicon carbide, fused 
aluminum oxide, electric furnace 
mullite and stabilized zirconia. 

To these add: 

* boron nitride 

* silicon nitride 

* boron carbide 

* zirconium boride 

* titanium boride 

chromium boride 

molybdenum boride 

* nickel aluminide 

Continuing research is expected to 
add other new nitrides, carbides, 
borides and silicides to meet 
practically the whole gamut of 
destructive effects that accompany 
high heat. 

It sounds like a big inventory to 
choose from, and it is. That’s why it 
pays to have CARBORUNDUM’s 
refractory engineers help you pick 
the right materials . .. whether you 
need linings for rockets or industrial 
furnaces. 

The coupon below offers you an easy 
way to detailed information. Why 
not mail it right now? 


CARBORUNDUM 


Registered Trade Mark 


C0 I'd like to talk with one of your engineers. 


Dept. T-105, Refractories Division 
The Carborundum Co., Perth Amboy, N. J. 


( Please send complimentary descriptive booklet. 
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HYDRAULIC SERVO VALVES 


GREATER WULL SHIFT STABILITY AT WIDER TEMPERATURE RANGES WITH EXCEPTIONAL RELIABILITY 


000 
15 
280 CPS 


Write us regarding 
your Servo Valve problems. 


PACIFIC DIVISION 


“Bendix Aviation Corporation 
NORTH HOLLYWOOD. CALIF. 


EAST COAST OFFICE: 475 Sth AVE., N.Y. 17* DAYTON, OHIO-1207 AMERICAN BLDG., DAYTON 2, OHIO * WASHINGTON, D.C.—SUITE 803, 1701 “*K’’ ST., N.W. 
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Rocket Motor Instability Studies 


K. BERMAN’ and S. H. CHENEY, JR.? 


General Electric Company, Schenectady, N. Y. 


Additional experimental data are presented, bearing on 
the problem of instability. Tests were conducted with a 
window nozzle, Plexiglas insert motors, conventional and 
throatless motors. Based on the data, an explanation is 
presented for the initiation and occurrence of certain types 
of low and high frequency instability. 


Introduction 


N two previous papers (1, 2),? experimental data relating 

to the problems of combustion instability in 3-in. diam 
rocket motors were presented. Two types of axial oscillations 
were identified: (a) A low frequency type of instability 
(220-360 cps) which is distinguished by abrupt and severe 
yariations in radiation intensity. (b) A high frequency type 
of instability (600-1500 cps) which corresponds to the propa- 
gation of waves longitudinally along the motor. In extreme 
cases these pressure pulses were transformed into shock waves. 

In the present paper, additional experimental evidence will 
be presented relating to these phenomena. All motors were 
sin. ID. Two different injector heads were used: a con- 
ventional impinging and a modified impinging (like-on-like 
type) injector. As described in (1), each injector head uses 
an injector plate consisting of a series of concentric rings con- 
taining drilled injector holes; alternate rings being for fuel 
and oxidizer. Pairs of liquid jets impinge approximately 
one inch downstream of the injector plate in the case of the 
conventional impinging injector, while for the modified 
impinging head, the impingement point is in the plane of the 
plate. Table 1 lists details of the injectors. The reactants 
used in all tests were ethyl alcohol and liquid oxygen. 


Table 1 Injector Heads 
Modified Conventional 
Type> impinging impinging 
Oxygen 
No. of rings 2 2 
No. of holes 72 62 
Pressure drop, psi (at Wo = 
3.1 Ib sec) 39 17 
Alcohol 
No. of rings 3 3 
No. of holes 96 62 
Pressure drop, psi (at W; = 
2.2 Ib sec) 20 20 


Presented at the ARS Ninth Annual Convention, New York, 
N. Y., November 30—December 3, 1954. 

‘Rocket Research Engineer, Development Dept., Aircraft Gas 
Turbine Div., Schenectady, N. Y. Mem. ARS. 

*Engineer, Development Dept., Aircraft Gas Turbine Div., 
Evendale, Ohio. 

* Numbers in parentheses indicate References at end of paper. 
pean by Photocon Research Products, Pasadena, 


1955 


Experimental Work 
A. Length Study With a Conventional] Impinging Head 


In (1), it was reported that with an assembly consisting of 
the 10-in. long window motor, a 41 degree convergent nozzle, 
and a conventional impinging head, intermittent low fre- 
quency instability had been obtained. On the other hand, 
operation with longer chamber assemblies (17 in. or greater) 
had been characterized by sinusoidal and shock-type high 
frequency oscillations. To investigate this behavior more 
thoroughly, a length study was conducted with motor as- 
semblies consisting of the same injector, 3-in.-diam water- 
cooled chambers of various lengths (5°/s, 93/1, 15°/s, and 
21%/, in.) and a 41 degree convergent angle (1.75-in. throat 
diam) nozzle. Dynagage‘ pressure pickups were mounted 
on the chamber and the alcohol line to measure chamber pres- 
sure and fuel line oscillations. Instability, which started 
slightly before full-stage operation and lasted only several 
seconds, was experienced with the 5*/,-in. length assembly 
during operation at chamber pressures of 300 psig or lower. 
The chamber pressure record was unsteady. Starting at 
frequencies of 550 to 650 cps, the frequency changed inter- 
mittently to half frequencies of 260 to 330 cps. Although 
identical oscillation frequencies were observed in the alcohol 
and chamber pressure traces, no consistent amplitude correla- 
tion could be observed. Thus, at times the magnitude of 
the alcohol line pressure oscillations might be large, while 
the chamber pressure record for the same interval indicated 
only small oscillations, or vice versa. The amplitude of 
the chamber pressure oscillations was never greater than 
about 50 psi peak to peak. 

Fig. 1 is a section of a typical Dynagage pressure record. 
These characteristics of the 5%/;-in. long assembly were 
also observed with the 9*/,-in. long assembly. However, in 
the latter case the oscillation frequencies ranged from about 
220 to 500 cps. 

Operation with a 15°/,-in. long assembly at a chamber 
pressure of 330 psig was unstable for a brief period at the 


CHAMBER PRESSURE 


Fig. 1 Dynagage pressure record illustrating low-frequency 
instability from a test with a 5*/,-in. long motor assembly 
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start of the run. Sinusoidal-type oscillations at a frequency 
of 900 cps were observed. When the chamber pressure was 
lowered to 275 psig, continuous shock-type oscillations of 
about 1200 cps frequency were obtained. 

With a 21%/,-in. long chamber assembly, unstable operation 
occurred even at chamber pressures as high as 360 psig. 


Fig. 2 Dynagage pressure record illustrating high-frequency 
instability from a test with a 21*/,-in. long motor assembly. 
Frequency, 1000 cps 


Pictures were taken at a rate of 10 per sec with the film traveling 
at approximately 15 in. per sec. The internal-driven sweep of the 
oscilloscope was used. The sweep time was about 3 millisec. 


1400 
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Fig. 3 Frequency of oscillation vs. cylindrical chamber length 
for 3-in.-diam motors and conventional impinging head 


Fig. 4 Radiation streak photograph showing low-frequency 
type instability with an assembly consisting of a conventional 
impinging head, a 10-in.-long motor body, and a 41-deg con- 
t vergent angle nozzle. (300 cps) 


Fig. 5 Radiation streak photograph showing high-frequency 

sinusoidal type instability obtained with an assembly consisting 

of a conventional impinging head, a 17-in.-long motor body, and 

a 4l-deg convergent angle nozzle. The window motor formed 
the downstream portion of the assembly. (900 cps) 
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High frequency (900 cps) shock-type instability was obtained. 
Fig. 2 is a sample of a Dynagage pressure record of such a run. 

These test results seem to indicate that with conventional 
impinging head assemblies there is a transition from random 
low-frequency type of instability to the high-frequency type 
instability as the chamber length is increased. In Fig. 3 
the experimental frequencies are plotted as a function of the 
chamber length. For purposes of comparison and later dis- 
cussion, a radiation streak photograph of a period of low- 
frequency type instability obtained with a 10-in. long motor 
and conventional impinging head is shown in Fig. 4, while a 
streak photograph of sinusoidal oscillations with a 17-in. 
long motor and the same injector head is shown in Fig. 5, 


B. ‘*Throatless’’ Motors 


In (2), two test runs with a “stove-pipe” assembly were 
reported. In order to investigate the combustion charac- 
teristics of “throatless’’ motors (throat area/chamber area = 
1) in greater detail, the window motor was attached to con- 
ventional 3-in.-diam water-cooled bodies and a diverging 
nozzle having an expansion ratio of 5.4. Since the slit window 
extended only along the window motor portion of the compos- 
ite chamber, the flow field along the entire length of the cyl- 
indrical motor section was photographed by exchanging 
the chamber sections so that the window motor would at 
alternate times form either the upstream or downstream por- 
tion of the chamber. Tests were conducted with the modified 
impinging and the conventional impinging injector heads at 
composite chamber lengths of 12 and 20 in., respectively. 
Chamber pressures were varied in an attempt to observe the 
effect of chamber pressure and head pressure drops on the 
system stability. Pressure variations in the alcohol line 
and chamber were measured with Dynagages. Radiation 
from the chamber was photographed in identical fashion as 
reported in (1) and (2). 


(1) Modified Impinging Head Tests 


All runs at both the 12-in. length and the 20-in. length were 
smooth. The chamber pressure, measured at the injector, 
was lowered from 240 to 95 psig in the 12-in. length, and 
from 187 to 115 psig in the 20-in. length. An example of a 
strip photograph is shown in Fig. 6. It may be noticed 
that the greatest acceleration occurs within a few inches 
from the injector. Slit photographs of the downstream por- 
tion of the 20-in. motor show the gas to be traveling at almost 
constant velocity in the last 12 inches of the rocket motor. 
The gas velocity at a distance !/2 in. upstream of the nozzle 
entrance for a smooth running 20-in. motor was found to be 
2500 + 250 ft per sec. 


Fig. 6 Radiation streak photograph of a stable test run made 

with an assembly consisting of a modified impinging head, 4 

12-in.-long motor body, and a throatless (i.e., no convergent 
section) nozzle 


(2) Conventional Impinging Head Tests 


Three runs were made with a 12-in. long assembly at cham- 
ber pressure of 165, 126, and 109 psig, respectively. At 165 
psig, operation was unstable for about 1.3 seconds after the 
start of full stage. The chamber pressure oscillation fre 
quency during this period. decreased continuously from 1080 
to 880 cps. Subsequent combustion was smooth for the 
remainder of the run. At the lower chamber pressures, how- 
ever, operation was rough throughout full stage operation. 
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Similar behavior was observed with the 20-in. cylindrical 
length body. At chamber pressures of 190 and 175 psig, 
operation was unstable for the first two seconds of full stage 
operation and then smoothed out. During the unstable 
period a continuous decrease in chamber pressure oscillation 
frequency was recorded. The lower chamber pressure runs 
were unstable throughout full stage operation. The fre- 
quency of the chamber pressure oscillations decreased until 
a final steady value was reached. Initial instability frequency 
in the 20-in. motors was about 1000 cps; the final frequency 
was about 660 cps. A typical strip photographs of an un- 
stable run is shown in Fig. 7. The general appearance of the 
radiation pattern is very similar to that obtained during low 
frequency oscillations; i.e., it consists of alternate regions 
of high and low radiation and shows very little sign of wave 
propagation, as evidenced by the fact that the streaks undergo 
no sudden acceleration or deceleration. It is noteworthy 


that the ratio of dark area to light area is much larger. Ata 
frequency of 1080 cps, the ratio of the periods of moderate 
radiation to high radiation at the nozzle end of the slit is 
about 0.7, while for a frequency of 660 cps, this ratio becomes 
1.5. That is, the darker part of the cycle becomes greater 
as the frequency of oscillation decreases. 


Cu - 


Fig. 7 Radiation streak photograph showing unstable operation 

of a 20-in.-long throatless motor. The injector used was a con- 

ventional impinging type. The window motor formed the up- 
stream portion of the assembly 


C. Window Nozzle 


In order to observe the flow in a rocket nozzle, a nozzle 
having an observation window '/, in. wide and about 3 in. 
long was built. This nozzle, having no divergent section, 
was machined from a copper billet. The window assembly 
whose primary components are two quartz plates separated 
by a spacer, extends along the convergent section of the 
nozzle to a distance within '/, in. of the throat and is parallel 
to the inside surface. The slit extends toward the throat 


from a point even with the end of the cylindrical chamber. 
No gas leakage is permitted past the inner quartz plate as is 


Fig. 8 Window nozzle assembled for test with a 23'/,-in.-long, 
3-in.-diam water-cooled combustion chamber 
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the case in the window motor. Instead, a water passage 
on each side of the slit serves to keep the window assembly 
cool. The convergent section of the nozzle is a conical frus- 
tum having a convergent half-angle of 10 degrees and a 
throat diameter of 1.75 in. Slit photographs were made 
using the General Radio Company Type 651 Camera. The 
optical axis of the camera was perpendicular to the face of the 
window and the surface of the frustum. A photograph of 
the window nozzle assembly is shown in Fig. 8. All test runs 
with the window nozzle were made with a 231/,-in. long cylin- 
drical chamber, using both the conventional impinging and 
the modified impinging injector heads. 

The interpretation of the photographic data derived 
through the nozzle slit must be treated with considerable 
caution, especially under unstable operation conditions. 
Under these circumstances the flow can probably not be 
considered as one-dimensional. Data will be discussed 
separately for stable and unstable operation. 


(1) Stable Operation 


An example of a strip record film obtained under stable 
operation is shown in Fig. 9. This portion is typical of the 
radiation patterns obtained with either the modified impinging 
or conventional impinging injector head. The slope of 
nineteen streaks showing the best definition was measured 
at half-inch intervals along the 3'/,-in. long slit and the av- 
erage local velocities were calculated. Since the slit does not 
extend up to the throat, it was of course impossible to de- 
termine an experimental throat velocity. In order to cor- 
relate the experimental velocities with isentropic nozzle 
flow theory, it was necessary to assume that the real and 
isentropic expansion matched at an arbitrary selected point 
along the nozzle. This is equivalent to using the isentropic 
relationship to calculate the throat velocity from the meas- 
ured velocity at the arbitrary selected station. 

In Fig. 10, the isentropic relationship and the experimental 


Fig. 9 Radiation streak photograph obtained with the window 
nozzle during a smooth test run 
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STATION-TO- THROAT VELOCITY RATIO 


Fig. 10 Velocity distribution within the converging section of 
the window nozzle. The theoretical curve is for y = 1.2 
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values are plotted, using the ratio of station area to throat 
area and the ratio of station velocity to throat velocity as 
coordinates. Ata point '/,in. downstream from the chamber 
end of the slit (station area/throat area = 2.6) the expansions 
were matched. Using the velocity at this point, a throat 
velocity was calculated by means of the isentropic relation- 
ship and all velocities obtained from the strip photographs 
were divided by it to give values of station to throat velocity. 
Table 2 is a summary of the average velocities measured at 
various stations along the nozzle. An extrapolated throat 
velocity is obtained for each station by dividing this velocity 
by the station to-throat velocity ratio corresponding to the 
station-to-throat area at the given location. The average 
of these extrapolated throat velocities was 3100 fps. 

The rather consistent values of throat velocities seem to 
indicate that the agreement between actual velocity measure- 
ment and isentropic flow theory is fairly good. 


Table 2 
Distance from Average Theoretical Throat 
chamber end of velocity, station-to- velocity, 
slit, in. fps throat velocity fps 
1/s 743 0.245 3035 
1 894 0.275 3250 
1'/, 1040 0.315 3300 
2 1185 0.380 3120 
2!/2 1400 0.460 3045 
3 1675 0.580 2890 
Average 3105 


(2) Unstable Operation 


A typical nozzle slit photograph of sinusoidal oscillations is 
shown:-in Fig. 11.. The frequency is about 800 cps. This 
may be compared with the slit photograph of the chamber 
radiation pattern under sinusoidal oscillations in a 17-in. 
long assembly (the window motor formed the downstream 
section) shown in Fig. 5. As pointed out in (2), only inter- 
mittent shock-type oscillations could be obtained with 21-in. 
long, 10 degree convergent nozzle angle assemblies, while 
with a 41 degree convergent angle nozzle, continuous shock- 
type operation could be established. A streak photograph 
of the nozzle radiation under intermittent shock-type oscil- 
lation is shown in Fig. 12. A region of high intensity is 
visible at the chamber end of the nozzle slit once each cycle. 
The front of this disturbance moves downstream very rapidly 
while its tail is decelerated as it moves downward. On the 
negatives, the path of an upstream-moving disturbance can 


be traced behind the initial downstream-moving pulse. For 
comparison, a window-motor photograph of intermittent 
shock-type operation in a 21-in. long assembly is shown in 
Fig. 13. 


Fig. 13 Radiation streak photograph of high-frequency inter- 
mittent shock type instability obtained with an assembly consist- 
ing of a conventional impinging head, 21*/,-in.-long motor body, 
and a 10-deg convergent angle nozzle. The window motor 
formed the downstream section of the motor assembly 


D. Plexiglas’ Insert Window Motor 


Data obtained from the window motor must be treated 
with considerable caution. As was pointed out in (1), the 
radiation appearing in the photographs is a local projection 
of a three-dimensional phenomenon. To evaluate the re- 
liability of the window motor results, 3-in.-diam rocket motors, 
composed of conventional water-cooled bodies and nozzles, 
with a 2'/,in. long transparent Plexiglas section inserted 
between the injector and the body, have beenrun. The radia- 
tion emanating through the Plexiglas section was photo- 
graphed by means of a Fastax camera with speeds up to 
7000 frames per sec. The results obtained appear to agree 
with the data derived from the slit photographs. The bright 
gas stream, downstream of the injector, was interspersed with 
dark streaks which moves axially down the motor. The in- 
stantaneous distribution across any cross section appeared to 
be rather random, indicating that the instantaneous mixture 
distribution across any cross section is not homogeneous in 
either space or in time. The inhomogeneities apparently 
account for the streaks of varying intensity found in the 
streak photographs. As was pointed out in (1), these streaks 
appear to indicate the propagation of discrete radiation 
sources, existing due to random variations of pressure, tem- 
perature, and gas composition. The fluctuations do not 
indicate any one frequency or repetitive frequency spectrum. 

When such a Plexiglas assembly was operated under shock- 
type instability, the Fastax pictures indicated that during 
each cycle of oscillation, the radiation from the motor dis- 
appears momentarily. This agrees with the information ob- 
tained from the slit photographs in (2), indicating that after 
each shock wave reflection from the injector, a nonluminous 
region moves downstream. A sequence of frames is shown 
in Fig. 14. The pictures were taken on 16-mm Kodachrome 
film at 6000 frames per sec. 


Fig. 11 Radiation streak photograph of high-frequency sinu- 
soidal type instability as it appears in the converging section of 
the window nozzle 


CHAMRER 
Fig. 12 Radiation streak photograph of high-frequency shock 
type instability as it appears in the converging section of the 
window nozzle. Frequency of oscillation was 820-850 cps 
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Fig. 14 One cycle of high-frequency shock type instability as 
photographed through a 2'/.-in.-long Plexiglas insert with a 
Fastax camera. Picture speed 6000 frames per sec 


Discussion and Interpretation 


In this paper, as well as in (1) and (2), photographic and 
other experimental evidence, bearing on the combustion in- 
side a 3-in. ID. rocket motor, has been presented. Before 
an attempt is made to establish a physical picture of the 
encountered combustion instability phenomenon, it will be 
helpful to summarize some of the pertinent data. 


5 Manufactured by Rohm and Haas Co., Philadelphia, Pa. 
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Stable operation is characterized by a radiation pattern 
consisting of streaks of varying intensity. These streaks, 
randomly distributed throughout the gas volume, represent 
local inhomogeneities in temperature and gas composition. 
The propagation velocity along the motor axis is a function of 
the type of injector head used. In any case, though, there is 
a region near the injector where the maximum acceleration 
occurs, Which probably corresponds also to the maximum 
reaction zone. In the case of an assembly consisting of a 
10-in. long chamber, a 1.75-in. throat diameter nozzle, and a 
modified impinging head, this region is approximately three 
in. long. The average stay time of the gases within a 10-in.- 
long chamber—i.e., the average time from the point where 
they enter the slit field until they leave—is approximately 
0.00:; see, most of which is spent in the low-velocity region 
near the injector, since the gas velocity at the entrance to the 
nozz'e was approximately 800 fps. The flow through a 10- 
degree convergent angle nozzle, attached to a 23-in.-long 
chan ber, follows isentropic expansion theory very closely. 
This leads to the belief that no abnormal amount of combus- 
tion ‘vas occurring in the nozzle. 

As stated previously, two general types of instability were 
encointered : 


(a) Low-Frequency Instability 


Low-frequency oscillation occurred randomly and inter- 
mittently. This instability was encountered only at short 
chamber lengths and only with the conventional impinging 
head and nonimpinging head assemblies which, as was 
shown in (1), have much longer low velocity regions near the 
injector than does the modified impinging head assembly. 
At longer chamber lengths, the instability was transformed 
to the high-frequency type. The frequency of the low- 
frequency oscillation is not steady but varies within a re- 
stricted range, usually decreasing during a period of oscilla- 
tions. On the Dynagage record, the chamber pressure trace 
appears quite asymmetrical and of small amplitude, usually 
not much larger than 50 psi peak to peak. The correspond- 
ing alcohol line Dynagage record, although agreeing with the 
chamber pressure frequency, showed no amplitude correla- 
tion with same. A typical cycle of 300 cps low-frequency 
oscillation is shown in the streak photograph of Fig. 4. The 
eyele consists of a period of high radiation followed by a 
short interval when all visible luminosity disappears. No 
wave propagation is apparent except for one upstream moving 
pressure pulse commencing as the front of the dark streak 
reaches the nozzle. This is evidenced by the deceleration 
which subsequent streaks undergo. 


(b) High-Frequency Instability 


The high-frequency type of instability could be arbitrarily 
subdivided into two general types: a sinusoidal and a shock- 
type. This type of instability is distinguished from the low- 
frequency type by three characteristics: It persists through- 
out the run; it is of high amplitude; and it exhibits a definite 
fundamental frequency for a given motor assembly. The 
sinusoidal oscillation amplitude was of the order of 100 psi 
peak to peak while the shock-type was 300-500 psi. For 
afixed assembly, the sinusoidal type frequency was somewhat 
lower than the shock-type. High frequency instability can 
be induced in a given assembly by lowering the pressure drop 
through the injector. In addition, the assembly becomes 
more unstable as the chamber length and the nozzle con- 
vergence angle are increased. At chamber lengths below 
10 in. it is very difficult to obtain high-frequency insta- 
bility. In Fig. 5 is shown a streak photograph of sinu- 
Svidal oscillation. Photographs of shock-type oscillation 
Were presented in (2). In analyzing the photograph (Fig. 
5), it is apparent that the cycle corresponds to a period 
of radiation followed by a short period of no luminosity. 
In contrast to the low-frequency instability, however, a defi- 
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nite pattern of wave propagation is in evidence throughout 
the cycle, as evidenced by the local deceleration and accelera- 
tion which the flow undergoes. In general, the same pattern 
of radiation is also in evidence in the nozzle split pictures. 
However, much less wave propagation can be observed. 
The slit photograph of the shock-type instability, as it appears 
in the convergent section of the nozzle, is rather interesting. 
The front of a high radiation region moves downstream at 
very great velocity. Since the slope of the angle is very 
close to 90 degrees, no accurate velocity can be established. 
The decelerations which the gas particles behind the front 
undergo, make it appear that a pressure wave moves upstream 
from the vicinity of the throat. In any case, the tail of the 
high radiation zone is decelerated as it moves through the 
convergent nozzle section. 

Before a fuller interpretation of all of these results is at- 
tempted, it is necessary to establish the nature of the “dark 
streaks” or period of no luminosity. In (2), it was stated 
that it consisted of an off-ratio, or temperature gas mixture 
which covered all or most of the volume. In effect, it repre- 
sents a region enclosed by two temperature (or - entropy) 
discontinuities or contact surfaces. Two additional pieces 
of information seem to confirm this conclusion: (a) As was 
stated in (2), the shock wave, after passing through the dark 
region, always has a higher velocity than it had entering it. 
The work of Bitondo and associates (3) seems to indicate 
that such behavior can be expected from the interaction of a 
shock wave and a temperature or internal energy discontinuity. 
(b) The 6000 frames per sec Kodachrome pictures taken of the 
Plexiglas insert motor under shock-type operation confirm 
the disappearance of all luminosity momentarily during each 
cycle. 

Consider now the qualitative effect of this temperature dis- 
continuity on the flow through the nozzle. Since, as was 
stated in (2), no pressure or velocity discontinuity exists 
at the boundaries of the dark streak, the local mass flow rate 
represented by the dark streak is 


Po ¥ 
pay = —— — A 
T/MR 
where 
P = local average static pressure 
p = local average density 
A = local area 
V = local average particle velocity 
T = local average temperature 
M = local average molecular weight 


The steady-state isentropic flow through a nozzle, however, 


is proportional to P/~/ RT/M. Inother words, the flow rate 
in the chamber is inversely proportional to the temperature, 
while through the nozzle it is inversely proportional to the 
square root of the temperature. On the basis of these ad- 
mittedly quasi-steady-state relationships, either a pressure 
or an expansion wave, depending on whether the temperature 
continuity is positive or negative, will travel upstream from 
the nozzle. As mentioned previously, the photographs show 
an upstream-moving pulse subsequent to the entrance of the 
discontinuity front into the nozzle. In addition, if one cal- 
culates the local velocity distribution at the nozzle end of 
the window slit, (approx. '/2 in. upstream of the nozzle 
entrance), one finds that, a little time after the passage of 
the dark streak, the velocity initially decreases and then in- 
creases fairly rapidly. This could be interpreted as the suc- 
cessive upstream passage of a pressure wave and a rarefaction, 
produced as the two discontinuity surfaces enter the nozzle. 

The length study experience with the conventional imping- 
ing injector, reported under Experimental Work, indicates 
that the low and high-frequency instability are not two sepa- 
rate and distinct phenomena, but rather are different mani- 
festations of the same cause. The hypothesis we wish to 
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propose is that the interaction of a disturbance with the vari- 
ous phenomena occurring in reaction zone is this cause. Qual- 
itatively, we visualize the mechanism in the following manner: 
an initial disturbance in the motor reaches the main reaction 
zone and disturbs the injection pattern. Although the 
effect of oscillating back pressure on small jets is not too well 
understood, the Plexiglas insert motor pictures and water 
tests seem to indicate that the jets are bent backward and 
undergo many kinds of gyrations under the influence of a 
disturbance. This effect, apparently, is much more pro- 
nounced with conventional impinging and nonimpinging 
injectors, which, as pointed out, have a much longer main 
reaction zone. Also, the lower the pressure drop through 
the injector, the greater is the tendency toward instability. 
In any case, this interaction produces a momentary off-ratio 
or off-temperature gas mixture. As already discussed, the 
passage of this region into the nozzle sends disturbances 
upstream. 

Comparatively little is known about the dissipative forces 
acting on disturbances moving in incompletely burned, hetero- 
geneous gas mixtures. The effect of chamber length on the 
severity of instability provides perhaps a clue that a pressure 
wave is able to maintain itself by obtaining additional energy 
from further combustion occurring in the wake of the dis- 
turbance. The shock-wave photographs presented in (2) 
seem to indicate that the particle paths, after passing through 
the downstream moving pulse, are almost straight lines, 
indicating very little heat addition. This generates the im- 
pression that most of the combustion occurs directly behind 
and as a result of the impulsive action of the shock. This is 
perhaps the explanation for the claim of other investigators 
that the combustion efficiency increases during unstable 
operation. 

In any case, the pressure disturbance in short motors re- 
mains small and usually very little of the wave is reflected 
after the interaction within the reaction zone. Thus a cycle 
of low-frequency instability consists of the passage of the 
off-ratio region downstream to the nozzle and the return of a 
disturbance. Hence the period of the oscillation would be 


T= 


a-—-V 
1 = length of chamber 
a = sonic velocity of gas 
T’ = time of stay of “off-ratio” region in chamber 
T = period of oscillation 
V = average particle velocity 


The average time of stay of gas particles in the chamber, as 
was pointed out before, is approximately 0.003 sec. Taking 
1 = 1 ft and a = 3000 fps, V = 800 fps, 7 = 0.00046 + 0.003 
= 0.00346 sec, corresponding to a frequency of about 290 
cps. This is within the range of the experimentally encoun- 
tered frequency spectrum. The observation of double fre- 
quencies on the Dynagage chamber pressure record at the 
beginning of the period of oscillation can be explained as the 
result of weak wave reflection after interaction within the 
reaction zone. This wave probably decays on its downstream 
passage and no further noticeable reflection of it occurs. 
It may be noticed that according to this theory, low-frequency 
instability is not very sensitive to chamber length since the 
time of stay increases very slowly with length, as pointed out 
previously. If, for example, / = 2 ft and it is assumed that 
the gas stay time increases by an amount equal to the addi- 
tional length divided by the average gas velocity (downstream 
of the main reaction zone), i.e., T’ = 0.003 + (1/800) = 
0.00425 sec, then T = (l/a — V + T’) = (2/2200) + 0.00425 
= 0.00091 + 0.00425 = 0.00516 sec, corresponding to a fre- 
quency of about 194 cps. Thus the theoretical effect of in- 
creasing the chamber length from one foot to two feet in our 
assumed assemblies (chamber area/throat area = 2.94) would 
be to decrease the oscillation frequency from about 290 to 
194 eps. 
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As the chamber length is increased, the same mechanism 
just described for low-frequency instability still persists, with 
the exception that the disturbances apparently grow much 
stronger and, as a result, reflection of the wave occurs after 
interaction with the reaction zone. Depending on the steep- 
ness of the nozzle convergence angle, a considerable portion 
of the downstream moving pulse is reflected. The primary 
oscillation frequency of such a motor is determined by the 
wave propagation axially along the motor. This was con- 
firmed by the results presented in (2). 

One important point should be emphasized in reference to 
frequency analysis. It has become more or less standard 
practice to attempt to assign to every major frequency found 
in the spectrum of the chamber pressure oscillation a node 
which is directly related to a geometrical dimension of the 
motor. This study has brought out the possibility that dis- 
turbances can be generated by the reaction of the tem) era- 
ture discontinuity surface with the nozzle and the refle: tion 
and refraction occasioned by the interaction of strong waves 
and contact surfaces. The frequency of such disturbances 
bear no simple relation to any geometrical dimension o/ the 
motor. Hence extreme caution is advisable in any effort to 
assign a mode of oscillation to every frequency encountered, 

Finally, it is necessary to discuss the “‘throatless” motor ex- 
periments. The interesting point about the unstable o)era- 
tion, as shown on the strip photographs, is that instead of hay- 
ing regions of no luminosity there are short periods of extremely 
high radiation. It may be noticed that the Mach number at 
the end of the cylindrical section is fixed at a value of one. 
According to the theory of diabatic flow (4), any fluctuation 
in the heat release from the combustion will produce disturb- 
ances which will change the entrance Mach number. It is 
conceivable that unstable operation consists of the interaction 
of a disturbance with the phenomena in the reaction zone 
which changes the reactant ratio sufficiently to affect the heat 
release. This in turn would create another disturbance. 


Summary 


It has been found that in some cases low and _high-fre- 
quency instability are related phenomena. It is hypothesized 
that any upstream traveling disturbance interacts within the 
reaction zone and creates an off-ratio region or temperature 
discontinuity. The latter, in turn, upon passing into the 
nozzle, sends another disturbance upstream. Depending 
upon the strength of the disturbance, the frequencies are 
governed by the travel of the waves axially along the motor 
(high-frequency instability) or the upstream travel of a wave 
and the downstream travel of the temperature discontinuity 
(low-frequency instability). 
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Heat Transfer Through Sweat Cooled Porous Tubes 


H. L. WHEELER, JR.,' and POL DUWEZ? 


Jet Propulsion Laboratory, California Institute of Technology, Pasadena, Calif. 


Several studies of various factors involved in the process 
of sweat cooling are described in this paper. The heat 
transfer problem was investigated and the results were 
interpreted on the basis of a simplified Rannie equation. 
It was found that the experimental results agree relatively 
well with this equation. However, for both hydrogen and 
nitrogen cooling gases, the experimental values of the 
characteristic temperature ratio were systematically 
lower than those deduced from the equation. The reasons 
for this discrepancy are discussed in the paper. In the 
sweat cooling process the most important property of the 
cooling gas is its specific heat. The thermal conductivity 
and the viscosity of the coolant seem to be of secondary 
importance. The physical properties of the porous wall 
do not enter into the analytical study, and it has been 
found. experimentally that the thermal conductivity of 
the porous metal has only a minor effect on the heat 
transfer in a sweat cooled tube. The results have been 
interpreted also by considering a conventional heat trans- 
fer coefficient. It is shown experimentally that the heat 
transfer between the main stream and the wall is inde- 
pendent of the rate of coolant flow. A study of the pres- 
sure drop in an isothermal porous wall cylinder is dis- 
cussed, and the experimental results are shown to agree 
with a theoretically deduced curve. 


Nomenclature 
CG = coefficient of friction 
Cy, = specific heat of main gas stream (Btu/lb °F) 
Cyw = specific heat of coolant (Btu/Ib °F) 
d = diameter of tube (in.) 
f = friction factor in conventional pipes 
= acceleration of gravity (in. /sec?) 
h = heat transfer coefficient 
l = total length of sweat cooled tube (in.) 
4(P) = pressure difference (Ib/in.*) 
q = heat transferred to wall of specimen (Btu/in.? sec) 
Q = coolant flow rate (Ib/in.? sec) 
Q/W = flow ratio 
R = gas constant (in.?/sec? °F) 
Re = Reynolds number 
T, = average temperature (°F) 
T, = temperature of main gas stream (°F) 
T, |= temperature of gas at porous wall (°F) 
T = temperature of gas in coolant reservior (°F) 
U, = velocity of main gas stream (ft/sec) 
u; = velocity of main gas stream at edge of laminar layer 
(ft/sec) 
Uy = velocity of cooling gas emerging from wall (ft/sec) 
W = flow rate of main gas stream (Ib/in.? sec) 
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y* = constant = 5.6 

é = thickness of laminar layer (in.) 

Ow = characteristic temperature ratio 

B = viscosity coefficient 

Ps = density of coolant (Ib/in.*) 

= Prandtl] number 

P, = pressure at upstream end of sweat cooled specimen 
(Ib /in.?) 

P, = pressure at downstream end of sweat cooled specimen 
(Ib /in.?) 

De = density of coolant (Ib/in.*) 

Ps = density of stream (lb/in.*) 


Introduction 


HE results of experimental and theoretical studies of 
gaseous sweat cooling described previously (1, 2)* have 

3 Numbers in parentheses indicate References at end of paper. 
indicated the existence of a relationship between a character- 
istic temperature ratio @ and the flow ratio Q/W (see Nomen- 
clature). The agreement between the experimental results 
and the theoretically deduced relation was qualitative only. 
In addition, the measurements showed a marked dependency 
upon the thermal conductivity of the porous material of which 
the test specimen was made. This behavior was not pre- 
dicted by the theory, in which the nature of the porous mate- 
rial is not considered. It was believed that the experimental] 
results were influenced by the fact that the test specimen was 
too short. In the experiments described in the present paper 
the sweat cooled section was relatively longer and was therm- 
ally insulated as completely as possible. 

The problem of pressure drop through a sweat cooled porous 
tube was also investigated. In an effort to reduce the com- 
plexity of the problem, the gas injected through the porous 
tube was at the same temperature as the main stream and 
no actual cooling was involved. 


Simplified Rannie’s Equation 


As a result of an analytical study of the process of sweat 
cooling, W. D. Rannie established the following relation (2). 


( 


T, — To 


Cog\us 


If, instead of the temperature ratio (T,, — To)/(T,, — To), the 
ratio 6, = (7, — T.)/(T,. — To) is used, Equation [1] may 
be rewritten 


T, Te Qi(o — 
Ow [en ( ) 1] + exp x 
{[ ex (“) 1 - 
Cog \Us 
Since the Reynolds analogy was used in establishing Equa- 


tion [1], the assumption may be made that it will be valid 
only for fluids whose Prandtl numbers are close to 1. Hence 


the quotient (exp (“) - 1) / (exp (=) - 1) may be 


dropped without introducing a significant error in the final 
result. Thus Equation [2] becomes 
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The quantities (c5/u) and (u,/us) may be evaluated using 


the assumptions given by Rannie (2). Taking 6 = (u/w) 
(2/Cp)y* and assuming that y* = 5.6, C, = 0.046/Re”, 


and Re & 108, then 2 = 117 9) 


V (Cy/2)y* then (u,/us) = L/y*V/ (C,/2) = 3.73. Hence 
Equation [3] becomes 


1170Q Cow 
= [ex (“2 ) + 2.73 [4] 


As a first approximation consistent with experimental ac- 
curacy at small values of Q/W, the exponential may be 
approximated by the first terms of its expansion, and Equa- 
tion [4] becomes 


Cow 
6, = 117 + 2.73 [5] 


This simplified equation will be used for interpreting the ex- 
perimental results discussed in the present paper. 


Similarly, if », = u, 


Experimental Technique 


The sweat cooling experiments discussed in this paper were 
performed with a gasoline-air burner shown in Fig. 1. The 
test specimen consists of a porous metal cylinder 1 in. in 
diameter and 8 in. long. The specimen holder is shown in 
Fig. 2. The coolant annulus, which is 2 in. larger in diameter 
than the specimen in order to minimize radial heat loss is 
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Fig. 1 Combustion chamber for sweat-cooling tests 
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Fig. 2 Test section for sweat-cooling tests 


divided into three parts. The coolant entering the center 
jacket, which is approximately 4 in. long, was metered, and 
all wall temperature measurements were made in this region. 
Coolant entering the two outer jackets was not metered, but 
the pressure in these jackets was maintained equal to that of 
the center section so that the coolant flow per unit area was 
the same over the entire specimen. At the downstream end 
of the holder, provision was made to allow for thermal! ex- 
pansion of the specimen by appropriate spring-loading. ‘This 
spring-loaded section was protected from the hot gas by water- 
film cooling. 

The joints between the various parts of the holder were 
sealed with asbestos gaskets impregnated with General 
Electric Glyptal. This technique formed a gas-tight seal 
which could withstand pressures of at least 100 lb/in.? 

The combustion chamber (Fig. 1) was approximately 5 ft 
long and 6 in. in diameter. The downstream end was 
terminated in a steel nozzle having an outlet 1 in. in diameter. 
The nozzle and specimen holder were connected by a 2t/-in. 
straightening tube. A pilot burner approximately 2 ft ong 
and 3 in. in diameter, complete with a 1-in. nozzle and one 
tangential air-fuel injector, was located at the upstream end 
of the combustion chamber. Air and fuel, which are inje ted 
into the pilot, whirl upstream between the mantle and the 
outside casing and come into the burner through the holes i: the 
mantle, which in this position acts as a flameholder. The 
addition of the pilot burner to the original assembly exte: ded 
the operating range of the burner so that the minimum stable 
operating temperature was about 500 F. Additional fuel and 
air were brought into the combustion chamber through tan- 
gential fuel-air injectors. 

For measuring the wall temperature in the sweat cooled 
section, the following method of thermocouple installation 
was used. A flat-bottomed hole '/s in. in diameter was 
drilled to the desired depth in the specimen. The two wires 
of the thermocouple were arc-welded separately to the bottom 
of the hole by the condenser-discharge method. After the 
wires were welded in place, a small piece of two-hole ceramic 
tubing, equal in length to the depth of the hole, was slipped 
over the wires and cemented in place with a cement com- 
posed of magnesium oxide and sodium silicate. This type of 
installation provided a maximum of strength and thermal 
contact with the wall and a minimum, though not negligible, 
amount of interference with the normal pattern of coolant 
flow through the specimen. Since it was not possible to spot- 
weld to copper, thermocouples installed in copper specimens 
were first beaded, then forced into the flat-bottom holes and 
cemented in place. For all experiments No. 28 chromel- 
alumel wires were used. 

Twelve thermocouples were installed in each specimen, 
four along the inner wall, four in the center of the specimen 
radially, and four along the outer surface. All leads were 
brought out through the gaskets between the segments of the 
holder. 

The measurements of the temperatures in the main gas 
stream posed a difficult problem. Rigid thermocouple sup- 
ports or shielded thermocouples could not be used in the 
straightening tube 1 in. in diameter without seriously disturb- 
ing the velocity profile of the gasstream. After several types 
of thermocouple installations were tried, it was found that the 
most satisfactory method consisted of a beaded thermocouple 
supported in two-hole ceramic tubes and introduced racially 
into the stream of gas. It was not feasible to extend the bead 
more than 1/g in. into the stream because the ceramic support 
would be broken off, either by thermal stresses or by the 
mechanical shock of solid particles in the products of com- 
bustion. The experimental errors inherent in the use of a! 
exposed beaded thermocouple are discussed in the next section. 

The porous metal specimens were prepared in this labora 
tory by methods previously described (3). Difficulties wer 
first encountered in machining the porous shapes without 
smearing the surface. The method which was finally adopted 
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consisted in immersing the metal in a bath of molten salt 
until the pores were filled. The machining was then carried 
on and the salt subsequently removed by treatment in boiling 
water. 


Discussion of Accuracy of Measurements 


The measurement of the temperature of the main gas stream 
was subject to several sources of error. The error which re- 
sults from the loss of heat by radiation from the thermocouple 
to the cooler straightening tube wall was difficult to assess 
accurately. However, a careful analysis indicated that this 
error was of the order of 10 F. 

The recovery factor of a bead introduced radially into the 
stream was determined from comparison with a Pratt and 
Whitney type of stagnation probe. In the range of gas veloci- 
ties used in these experiments, the correction of stagnation 
temperature to true temperature is not sensitive to the recovery 
factor. Hence a value of 0.7 was assumed to apply to all gas 
temperature data. Another source of error was connected to 
the location of the thermocouple in the gas stream. The 
temperature profile of the gas stream was determined for 
several combinations of gas temperature and velocity and it 
was found that the rate of temperature change with respect 
to tube radius was approximately 400 F/in. The uncertainty 
in locating the thermocouple bead being of the order of 1/22 in. 
an error of 13 F could therefore occur in the indicated gas 
temperature based on the assumed location of the thermo- 
couple. Since thermocouples were changed frequently 
(approximately every other test), this error must be assumed 
to be a major source of data scatter. 

In the measurement of wal) temperature, the disturbance 
introduced by the presence of the thermocouple into the 
coolant flow pattern within the wall is an important source 
oferror. When a thermocouple is installed in a porous wall, 
it necessarily disturbs the flow pattern and tends to block off 
the flow of coolant. Thus the thermocouple indicates 
temperatures which are higher than those that would actually 
exist on the surface of an undisturbed wall. The magnitude 
of this error is very difficult to assess and varied with every 
thermocouple installation. 

Although the effects of axial heat exchange between the 
specimen and the holder are minimized by the presence of the 
segments, there is unquestionably some radial heat loss from 
the back of the specimen to the holder. The effect of these 
losses cannot be accurately determined, but their effect is to 
decrease the temperature of the sweat cooled porous specimen, 
and consequently the measured value of the coefficient @ is 
somewhat larger than its true value. 


Experimental Results 


The tests described in the present paper were carried out 
using a copper cylinder having a porosity of approximately 40 
percent. Nitrogen and hydrogen were used as cooling fluids. 
Tests were also made with propane, but this gas was found 
msatisfactory because it undergoes a dissociation. 

The interpretation of the results was based on Equation 
5). By inserting numerical values for the parameters‘ of 
Equation [5], individual expressions for the 6. vs. Q/W rela- 
tion may be reached for each of the cooling gases involved. 
Thus, for hydrogen and nitrogen sweat cooling, Equation [5] 
becomes 6 = 4050 Q/W and 0. = 348 Q/W, respectively. 
These two expressions have been graphed in Figs. 3 and 4. 
Also shown in these figures are the results of experiments 
using copper tubes cooled with nitrogen and hydrogen. 

For both hydrogen and nitrogen cooling, the values of 6, 
determined by the theoretical curves are higher than the 
experimentally determined values. . It was pointed out above 
that the measured surface temperature of a sweat cooled tube 


‘Since temperature variations of these parameters are within 
&xperimental accuracy, 100 F values have been used. 
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Flow ratio 
Fig. 3 Curves for sweat-cooling experiments using copper 
specimen and nitrogen as coolant 
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Fig. 4 Curves for sweat-cooling experiments using copper 
specimen and hydrogen as coolant 


would always be higher than the true surface temperature 
because of the blocking effect of the thermocouple which de- 
pressed the value of @,. Another possible source of deviation 
between experiment and theory is Rannie’s assumption that 
the coolant would be perfectly distributed over the surface of 
the specimen. It has actually been found that the coolant 
leaves the surface in the form of a number of isolated jets. 
Thus the sweat cooling process will be less efficient than has 
been assumed and the values of 6, will be correspondingly 
lower. In this regard, it should be noted that Rannie’s 
assumed value for y* was based on the empirically determined 
expression for laminar layer thickness in a smooth pipe; that 
is 


bur 
F 
v 


* 


where u, = 70/p (79 is the shearing stress at the wall). Quite 
obviously, the flow near the wall of a sweat cooled pipe and 
the flow near the wall of a smooth pipe may be quite different. 
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Furthermore, Prandtl’s experimentally determined value of 
5.6 for y* is for a smooth pipe, and it would be surprising if 
this value were to apply to a sweat cooled pipe. However, 
these parameters have been accepted in view of the lack of any 
better assumption. 

There has been some speculation regarding which of the gas 
properties are important from the standpoint of sweat cooling. 
Examination of Equation [5] shows the ratio of the specific 
heats of the main stream and the coolant to be the most im- 
portant. The thermal conductivity and viscosity enter into 
the equation, together with the specific heat, in the Prandtl 
number and are of secondary importance. The density of the 
gas does not enter directly into the equation. It would be 
interesting to compare the theoretically predicted cooling 
curve for another gas with the experimental results. Un- 
fortunately, the only other gas available for these tests was 
propane. When propane was used, it was found that de- 
composition took place in the vicinity of the porous wall and 
the results were erratic. 

In the analysis of the sweat cooling process leading to Equa- 
tion [1], the physical properties of the porous wall material 
are not considered. A series of experiments were performed 
with a porous cylinder made of an alloy containing 60 per cent 
nickel, 20 per cent iron, and 20 per cent molybdenum. The 
heat conductivity of this alloy is approximately '/;; that of 
copper. A comparison between the results obtained with the 
alloy and copper is shown in Fig. 5, in which both experimental 
curves may be compared with the theoretical relation of 6 vs. 
Q/W. The proximity of the two experimental curves leads to 
conclusion that, as a first approximation, the nature of the 
wall material has only a secondary influence on the sweat 
cooling process. 


4 


THEORETICAL 


° 2 4 6 


CHARACTERISTIC TEMPERATURE RATIO © 


FLOW RATIO. 


Fig. 5 Theoretical curve and curves of 6 vs. Q/W X 1073 for 
8-in. copper and alloy specimens 


Heat Transfer Coefficient in Sweat Cooled Tubes 


Although the relation between the characteristic tempera- 
ture ratio and the flow ratio is of theoretical interest, it may 
be more convenient from the engineering standpoint to deal 
with the problem in terms of heat transfer coefficients. That 
such a procedure is possible may be easily demonstrated and 
some interesting conclusions may be drawn from the analysis. 

The usual heat transfer coefficient, h, defined by the relation 
q = h(T, — Tw), may be introduced in the interpretation of 
sweat cooling data. Since the process is thermally conserva- 
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tive, the enthalpy increase of the coolant will be equal to the 


heat absorbed by the wall; that is, g = QCpw (Tw — 7). 


Hence the heat transfer coefficient takes the form 


Replacing 6. by the expression of Equation [5], the heat 
transfer coefficient h becomes 
WC pw 


(: — 2.73 

This expression is interesting because it shows that A is in- 
dependent of Q. If numerical values of the constants ave in- 
serted into Equation [7], it is observed that the value o/ the 
coefficient h is very nearly the same for both hydrogen and 
nitrogen, namely, 8.9 X 10~4 W for hydrogen and 7.2 
W for nitrogen. This is a difference of only 20 per cent for 
gases whose cooling properties differ widely. 

Experimentally obtained values of h have been computed 
from Equation [7]. Here again, 100 F values have been used 
since the temperature fluctuations are within experimental 
accuracy. The results indicate that A varies somewhat 
with Q, but this variation is not systematic. The deviation 
from the theory is attributed to the uncertainties in the ceter- 
mination of 7, and 7, and to the difference between thevreti- 
cally assumed conditions and actual conditions. Of greater 
importance, perhaps, is the fact that the theoretical and ex- 
perimental] values of h lie surprisingly close to the values which 
would be predicted for a conventional pipe where a gas flow 
rate of 0.2 Ib/sec and a temperature of 1500 F would yielda 
value of h of the order of 1 X 10~4 Btu/sq in. sec °F. 


Pressure Drop in a Sweat Cooled Tube 


In an effort to reduce the complexity of the problem of fluid 
flow through a porous tube, a study was made in which the 
gas passing through the porous tube was at the same temper- 
ture as the stream. Although no actual cooling was involved, 
the injected gas will be referred to as “coolant.” 

The equipment used for these experiments is shown diagram- 
matically in Fig. 6. It consisted of a 60-in. length of pipe 
1.1 in. in diameter, divided into three segments. The porous 
copper segment 5.5 in. long was preceded by a 20-in. approach 
section to stabilize the velocity profile and was followed by 
35-in. tailpipe to allow a study of the stream downward from 
the porous section. The porous copper segment, which had 
an outside diameter of 2 in., was contained in the holder, also 
shown in Fig. 6. Gas under pressure was injected through 
the porous walls from the small annular space between the 
holder and the specimen. The entire assembly was aligned on 
a close fitting mandrel to insure accurate joints. All interior 
pipe surfaces were ground, but the surface of the specimen 
was machined. 
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Fig.6 Apparatus used for isothermal flow tests 
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Fig. 7 Axial velocity and pressure distribution in nitrogen 
sweat-cooled tube 


The movable probe support consisted of a single piece of '/3- 
in. stainless steel tubing located along the axis of the test 
section. The pitot probe was a hypodermic needle (No. 22) 
silver-soldered to the probe support and bent parallel to it 
midway between the support and the wall. The tip of the 
head tube was braced by a piece of shim stock. A small hole 
in the probe support directly underneath the tip of the pitot 
tube constituted the static pressure tap. The probe support 
was blocked midway between the static pressure opening and 
the point where the pitot tube entered the probe support. 
Thus static pressure was transmitted to one end of the probe 
support and total pressure to the other. The end of the probe 
support was indexed so that the pitot static openings could be 
located at any desired position along the pipe. Because of 
the flexibility of the probe support, it was necessary to provide 
a movable guide immediately behind the dynamic head tube. 
The entire assembly was lagged with asbestos to assure iso- 
thermal conditions. 

Experiments were conducted to determine the velocity and 
pressure distribution along the axis of the porous tube. These 
studies were carried out with four different coolant gases: 
nitrogen, hydrogen, helium, and carbon dioxide. Although 
the coolant flow rates were varied over a wide range, the 
main stream air flow rates were confined to the narrow range 
of values between 0.05 and 0.11 Ib/sec. 

Typical results of the axial velocity and pressure distribu- 
tion experiments are shown in Figs. 7 through 10. Similar 
distribution curves were obtained for many tests under differ- 
ent conditions. 

Referring to the axial pressure and velocity distribution 
curves in Figs.7 and 8, the most evident features are that in the 
sweat cooled segment the pressure drop is (a) linear with 
length, (b) dependent on the rate of coolant flow, and (c) more 
rapid for the less dense gases for equal values of the flow ratio 
Q/W. That this experimentally observed behavior follows 
theoretically predicted behavior is demonstrated below. 

It might also be well to point out at this time the slight 
tendency toward pressure recovery which occurs immediately 
downstream of the porous specimen and the high velocity 
values which persist in the exhaust pipe. Both of these 
phenomena might be interpreted in terms of an extremely 
distorted velocity profile induced by introduction of the 
coolant gas. 


Analysis of Pressure Drop Data 


Both Summerfield and Tsien (4, 5) have suggested that the 
problem of pressure drop in sweat cooled pipes may be ap- 
proached from a purely theoretical standpoint using the 
momentum equation which may be written as 


dp + put dr + d(pu*) = 0.............. 
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Fig. 8 Axial velocity and pressure distribution in hydrogen 
sweat-cooled tube 
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Axial velocity and pressure distribution in helium 
sweat-cooled tube 
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Fig. 10 Axial velocity and pressure distribution in carbon 
dioxide sweat-cooled tube 


ry 


where Z is the tube diameter, 


7 
and 


Ps 


A direct integration is possible. For small values of Q/W, 
higher order terms may be neglected leading to the approxi- 


mate solution 
php f , 4 Ps 


Verification of this relation is demonstrated in Fig. 11 where 
AP/W?Lhas been plotted against the term 1/2(1+ ps/p.)Q/W. 
The small scatter of the points on this plot, with the exception 
of data for high rates of hydrogen flow, would seem to bear out 
the correctness of assigning the head losses in a sweat cooled 
tube purely to the sum of frictional losses and momentum ex- 
change. 
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Fig. 11 Correlation of Equation [13] 


A basic assumption made in the derivation of Equation [11] 
is that the main stream gas and the coolant do not mix, and 
that their volumes are additive. Certain experimental work 
carried out by the authors into the process of mixing and 
diffusion in sweat cooled pipes has substantiated the validity 
of this basic assumption. This corroborative work is described 
briefly in the Appendix. 

In general, the problem of pressure drop in sweat cooled 
pipes may be summed up by stating that the effects of friction 
and momentum exchange are additive and that pressure drops 
will be proportional to the ratio of coolant and stream densities 
and to the coolant flow ratio. Numerical calculation will 
show—as demonstrated in Figs. 7 and 8—that the pressure 
drops due to momentum may be very high if the coolant flow 
ratio exceeds a few per cent. 


Summary and Conclusions 


The results of experiments described in this paper have been 
interpreted on the basis of a simple equation in which the 
temperature ratio @ is a linear function of the flow ratio Q/W. 
This equation was derived from that proposed by Rannie by 
making additional approximations. The rather small dis- 
crepancies found between the experimental results and the 
theoretical predictions have been ascribed to various factors 
influencing the accuracy of the measurements. 

On the basis of the simplified Rannie equation, it has been 
deduced that the gas property having the greatest effect is 
the specific heat. Furthermore, the nature of the porous mate- 
rial does not appear to influence the heat transfer process in 
sweat cooling. This result is in agreement with the theoretical 
analysis. 

The present study has also shown that the heat transfer 
in a sweat cooled tube may be handled in terms of a con- 
ventional type of heat transfer coefficient h and that this co- 
efficient is independent of the coolant flow rate. Experi- 
mentally obtained values of this coefficient h do not depart 
greatly from those pertaining to conventional flow under 
similar conditions. 

The pressure drop in sweat cooled pipes has also been 
investigated. The pressure difference per unit length in 
excess of that found in conventional pipes is determined by 
the flow rate of the main gas stream, the density of the coolant, 
and the ratio of the flows of main gas stream and coolant. 


APPENDIX 


The work which is reported in the discussion concerning the 
velocity and pressure distribution in sweat cooled pipes in- 


524 


dicates that the coolant may not mix completely with the free 
stream gas. The method of investigating the mixing of 
coolant and main stream gases which appeared most practical 
to the authors was that of injecting helium as a coolant into a 
pipe carrying air as the main stream gas and determining 
concentration of helium in various parts of the pipe with a gas 
analyzer. A setup very similar to that shown in Fig. 6 was 
used for this work. The probe consisted of a No. 27 hypodermic 
needle so arranged that it could be moved radially as well as 
axially. The porous tube was 2 in. in diameter and 6 in. long. 
The gas was drawn through a differential resistance type gas 
analyzer at a controlled rate by a smal] vacuum pump. 
While a wide range of combinations of coolant and air flow 
rates were studied, the results for the Q/W ratio of 21 x 107 
have been selected for presentation, since the phenomena 
observed in all tests are most clearly demonstrated there. It 
might be noted that the results of these tests were extreinely 
reproducible. 


s 

= 
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Fig. 12 Concentration field in porous pipe showing per cent 
helium by volume for Q/W = 21.7 x 10-4 


The distribution of helium in the 2-in. diameter sweat 
cooled pipe is shown in Fig. 12. Helium concentration figures 
in per cent are given thereon. Starting with the leading edge 
of the porous section, the concentration increases for approxi- 
mately one and one-half pipe diameters forcing the un- 
disturbed flow gradually away from the wall. After this 
interval, the amount of helium in the boundary layer appears 
to exceed certain stability requirements, and the flow appar- 
ently separates from the wall with the creation of three 
separate concentration centers in the central flow region and 
several other centers of high concentration near the wall. 
The position of the inception of separation has been related 
to the flow ratio Q/W. Exploration further downstream in- 
dicated that the flow gradually returned to normal, but many 
pipe diameters are required before complete mixing has been 
attained. 

The general conclusion to be drawn from this work is that 
the coolant and main stream mix very slowly, so that their 
volumes may be assumed to be additive. 
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The effect of ambient pressure oscillations on the disinte- 
gration and dispersion of aliquid jet was investigated by im- 
posing a high-intensity acoustic field on the jet. The effect 
of a localized sound source, directed perpendicular to the 
stream, was to disperse the droplets in a diverging sinu- 
soidal configuration, and the effect of an axial cavity res- 
onance directed parallel to the stream was to coalesce the 
droplets as a result of the velocity variation of successive 
fluid particles. Each of these effects was analyzed theo- 
retically, and it was found that the magnitude of each 
effect decreased with an increase either in the velocity of 
the stream or in the frequency of the imposed oscillation. 
The analysis of the droplet coalescence, which occurred 
for the case of axial cavity resonance, led to a possible cri- 
terion for combustion stability. 


Nomenclature 


radius of jet 

distance from new origin to tank outlet 
profile drag coefficient 

diameter of jet 

diameter of orifice 

diameter of droplet 

diameter of coalescent droplet 

force of surface tension 

variation of steady-state velocity 


fy fae 


variation of oscillatory component of velocity 

variation of oscillatory pressure component 

amplitude of velocity variation 

proportionality coefficients 

length of fluid lines 

total mass of liquid in coalescent droplet 

mass flow rate 

number 

variable pressure in fluid lines 

steady-state chamber pressure 

constant supply pressure 

oscillatory component of chamber pressure 

variation of line pressure 

radius of curvature of sinuous jet 

transverse displacement of droplets 

distance between jets 

t—& 

time 

time at which droplet was injected 

time at which droplet was exposed to transverse 
wave 

steady-state velocity 

variable velocity 

oscillatory component of velocity 

transverse displacement of jet 

axial coordinate 

transverse coordinate 

axial coordinate 
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The Effect of Ambient Pressure Oscillations on the 
Disintegration and Dispersion of a Liquid Jet’ 


C. C. MIESSE? 


Aerojet-General Corporation, Azusa, Calif. 


distance from injector to flame front 
AVV/Do 

steady-state pressure drop 
wavelength of jet disturbance 
dispersion angle 

density 

surface tension coefficient 

phase angle 

angular frequency 

weight density 


Introduction 


XPERIMENTAL evidence (1) on oscillatory combustion 
in liquid-propellant combustion reveals that the ampli- 
tude of pressure oscillations in the combustion chamber fre- 
quently exceeds 50 per cent of the steady-state chamber 
pressure. Since pressure oscillations of this amplitude will 
undoubtedly affect the disintegration of the liquid jets, the 
purpose of the present experimental and theoretical analysis 
is to determine both the nature and extent of these effects. 
Although the effects of acoustical disturbances on the liquid 
supply system have been investigated by Savart, Plateau, 
Magnus, and Rayleigh (2), neither this effect nor the effect 
of ambient-pressure oscillations has been analyzed previously. 
Accordingly, experiments were designed to determine the 
effect of localized transverse oscillations on a free jet, and to 
determine the effect of each of the three modes of cylin- 
drical-cavity oscillations on a stream injected into a cylindri- 
cal chamber. 


Dispersion of a Free Jet 


The experimental apparatus for the study of the effect of 
localized high-intensity sound sources directed normal to a 
free liquid jet is shown in Figs. 1, 2, and 3. From these 
figures it is seen that pressurized liquid (water) was forced 
through an orifice, the length of which was approximately 
0.550 in., and the diameter of which varied from 0.014 in. to 
0.055 in. The three-orifice injector (orifice diameter of 0.020 
in. spaced '/, in. apart) was used to study the interaction and 


Fig. 1 Apparatus for study of the effect of sound pressure 


perpendicular to a free jet 
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intensity sound on a liquid jet 


Fig. 3 Schematic diagram of apparatus for study of the effect 
of free field transverse sound pressure on multiple jets 


mixing of three collinear jets. The acoustic field, normal to 
the jets, was provided by a pair of Western Electric drivers, 
Model 720-A, which were fitted with special adapters for 
concentrating the sound field. The sound intensity was 
measured by placing a microphone midway between the 
adapters and about '/, in. from their common axis. The in- 
stantaneous droplet configurations were observed by using 
stroboscopic light, and photographs of the phenomena were 
taken with a Speed Graphic camera using Eastman Super XX 
film with light supplied by two General Electric T-125 micro- 
flash bulbs for a duration of approximately 2 microsec. 

Fig. 4 shows a series of tests made with the single jet at 
various frequencies and at various values of the pressure 
drop across the nozzle. The two sound sources were adjusted 
so that the sound pulses were 180 degrees out of phase, thus 
giving the maximum push-pull effect. From this series of 
pictures, it is seen that the amplitude of dispersion decreased 
with increases both in the frequency of the imposed oscillation 
and in the pressure drop across the injector. It was noted 
also that the sound field produced a considerable decrease in 
the length of the solid stream. 

The diverging oscillatory pattern observed in this figure can 
be derived theoretically by considering the force which is 
exerted on the individual droplets by the oscillating pressure 
difference across the droplets. Actually, the force on the 
droplets is probably a combination of pressure and entrain- 
ment by the acoustic wind which accompanies the high- 
amplitude sound. However, since both forces are of the same 
order of magnitude, and would result in similar droplet con- 
figurations, the pressure concept is assumed in this analysis 
for the sake of simplicity. It is noted that the use of this 
concept implies that the effects of acoustic wind, aerodynamic 
drag, and ratio of pressure difference across the droplets to 
amplitude of the pressure wave can be adequately repre- 
sented by proper choice of the pressure drag coefficient. By 
equating the pressure forces to the inertia forces, the following 
equation is obtained 

2 3 2. 
¢, Po sin wt = 


5C po [sin wt — sin wl) — w(t — cos wl]... . [2] 
dyw? 


Fig. 2 Schematic diagram of apparatus for the study of high 


Fig. 4 Typical droplet configurations produced by the effect 
of a transverse sound field on a free liquid jet 


where 
d = diameter of droplets (ft) 
C, = pressure drag coefficient of sphere 
Po = amplitude of acoustic wave (lb/ft?) 
w = frequency (rad/sec) 
weight density of liquid (Ib/ft*) 


acceleration of gravity (ft/sec?) 

distance in which droplet is displaced (ft) 

time (sec) 

time at which droplet is initially subjected to oscillating 
pressure (sec) 


to 


Since the dominant term in the brackets of Equation [2] is 
w (tf — to) cos wto, it can be shown that the tangent of the 
dispersion angle @ can be approximated by 


COs wt 


3 
x dywU 


where z is the axial displacement of a droplet in time (t — &) 
and U is the linear velocity of the jet. It is noted that 
Equation [3] predicts the decrease in dispersion angle both 
with frequency and with jet velocity as observed in Fig. 4. 
Fig. 5 shows a series of tests made with the collinear jets, 
from which it is apparent that the incidence of a localized 
transverse wave on a series of jets can establish intimate mix- 
ing of the jets in a much shorter distance than would other- 
wise occur because of random jetdispersion. This phenome- 
non may well explain the burning out of injector plates which 
has been observed in combustion chambers in which a tan- 
gential mode of oscillation is present. From Equation [2] 
it is readily seen that the mixing of two adjacent streams, with 
displacements s,(¢) and s(t), respectively, occurs when 


for sound sources 180 degrees out of phase, where s’ is the 
distance between orifices. 

Fig. 6 shows the instantaneous droplet configuration for 
three collinear jets in a bipropellant combustor, as determined 
by Equation [2]. The values of the parameters used in this 
computation were as follows: p) = 120 psi; w = 11,300 rad/ 
sec; yd = 0.00343 psi and U = 70 fps for the oxidizer droplets; 
yd = 0.00119 psi and U = 160 fps for the fuel droplets. The 
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Fig.5 Typical droplet configurations for three collinear free jets 
D = 0.02 in.; Ap = 5 psi. 


similarity between this figure and the photographs of Fig. 5 
is immediately apparent. 


Natural Frequency of a Liquid Jet 


When it was noted that, for a given jet and for a constant 
sound intensity, certain frequencies produced greater dis- 
persions than others, a study of this variation of dispersion with 
frequency was made by passing a sheet of blotting paper 
through the jet at a constant distance from the injector. A 
typical plot of this variation is shown in Fig. 7, from which it 
is apparent that the maxima of the dispersion occurred at 
fairly constant intervals on the frequency scale. This con- 
stant frequency interval, which was denoted as the natural 
frequency of the jet (w;), appeared to vary directly as 
the velocity of the jet and inversely as the orifice diameter. 
Fig. 8 is a logarithmic plot of the natural frequency vs. the 
ratio of jet velocity to orifice diameter for several velocity- 
diameter combinations, from which it is seen that the variation 
is approximately linear: 


It is interesting to note that Savart (2) observed the same 
type of variation for the frequency of the note produced by the 
impact of a jet on a plate normal to its axis. 

Equation [5] can be derived theoretically by consideration 
of a cylindrical jet of radius a, which has been displaced sinu- 
sidally by some atmospheric disturbance. The configuration 
shown in Fig. 9, from which it is seen that the wavelength of 
the sinusoidal displacement is designated by \, and the ampli- 
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Fig. 6 Positions of droplets from two fuel and one oxidizer 
orifices for a typical bipropellant liquid combustor 


O @ = fuel droplets; © = oxidizer droplets 
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Fig. 7 Variation of jet dispersion (at 6 in. from sound source) 
with frequency of sound source 


D = 0.014 in.; Ap = 7 psi; * points of maximum dispersion. 


tude of its displacement by w. The equation for the genera- 
tors of the sinuous cylinder can thus be written 


where the amplitude w is permitted to vary with time. 
Since the outboard surface (farthest from original jet axis) is 
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Fig. 8 Variation of resonant frequency of the jet with ratio of 
jet velocity to nozzle diameter for various nozzle diameters 


OD = 0.014in.; O D = 0.028 in.; AD = 0.055 in. 


Fig. 9 Original (undisturbed) and sinuous jets 


“‘stretched’’ by this displacement, the increased surface tension 
which thus occurs will act as a restoring force to return the 
jet to its original undisturbed position. The force due to this 
surface tension is given in differential form by 


1 1 


where o is the surface tension (force per unit length), R, is the 
first principal radius of curvature (the radius of the cylinder), 
R, is the second principal radius of curvature (for the displaced 
generators), and dS is the element of surface over which the 
incremental force dF acts. Since the force due to the radius 
of the cylinder is present also in the undisturbed jet (and is 
balanced by the same force on the inboard side of the jet), 
the term 1/R, can be deleted in considering the restoring force 
arising from the increase in tension. The radius Rz can be 
determined from the equation 


_ (1+ 


By substituting Equation [6] into Equations [7] and [8], and 


’ by letting the value for z = \/4 (maximum displacement) be a 


representative value, then 


and 


Application of this surface tension to the outboard surface over 
half a wavelength results in 
wan 


F= w- [11] 


where k’ is a constant less than 1 to account for the fact that 
the force diminishes from the maximum, and where w/) was 
considered to be small enough to disregard the slight increase 
in surface due to the displacement. 

The equation of motion for one of these displaced segments 
thus becomes 


d*w 4r*k'oa 
2 dt? 2r 


wo = 0... : 


which represents a periodic oscillation with a frequency of 


1 1 


2a pan? 


[13] 


Since experimental evidence (3) has indicated that the 
wavelength of a jet is determined principally by the Weber 
number U-~W2pa;c, the reasonable assumption of inverse 
variation of the wavelength with Weber number leads to the 


equation 
[14] 
D U ¥ pa 


Substitution of Equation [14] into Equation [13] then leads 
directly to the empirical Equation [5]. It is noted that 
consideration of an aerodynamic damping term in Equation 
[12] would merely tend to reduce the theoretical frequency 
somewhat. 


Cavity Resonance Effects 


The apparatus for studying the effects of cavity resonance 
consisted of a lucite cylinder in which the injector was 
mounted on a piston-type arrangement which could be moved 
axially to vary the length of the cylinder cavity, as shown in 
Figs. 10 and 11. The axial mode of oscillation was induced 
by a loudspeaker mounted at the end of the cylinder away 
from the injector. The radial and tangential modes were 
excited by mounting the loudspeakers with adapters radially 
and tangentially, respectively, to the walls of the cylinder, 
close to the injector end. 

Fig. 12 shows the droplet configurations which resulted from 
a cavity resonance in each of the three modes of oscillation. 
Inspection of this figure reveals immediately that there is little 


Fig. 10 Apparatus for continuously varying the axial resonant 
frequency of a chamber 
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Fig. 11 Schematic diagram of apparatus for studying the effect 
of cylindrical modes of pressure oscillation on liquid jets 
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Fig. 12 Deflection of jets due to axial, radial, and tangential 
modes of oscillation 


or no effect brought about by either of the transverse modes at 
the sound intensities available in the acoustic range, probably 
due to the previously observed fact that dispersion decreases 
with frequency (cf. Equation [3]). Excitation of the longi- 
tudinal mode, however, had a decided coalescent effect on.the 
droplets, which is due to the sinusoidal velocity variation of 
successive fluid particles. In each case, the length of the 
solid stream was decreased by the sound field. 

Since, for the imposed first axial mode of oscillation, the 
amplitude of pressure oscillation is very large compared to its 
gradient in the vicinity of the closed (injector) end of the 
chamber, it appears that the observed coalescence is due 
rather to the oscillating pressure drop across the injector than 
to the pressure drag considered in Equation [1]. Under this 
assumption, the coalescence can be predicted theoretically by 
considering the idealized configuration shown in Fig. 13. 
From this figure, it is seen that the pressure of the fluid at rest 
in the supply tank is denoted by Ps and its density by p. The 
length of the supply line is L, the steady-state chamber pres- 
sure is Po, and the distance from the injector to the combustion 
front is Z. 

Consider the equation of motion, in which the viscous forces 
have been neglected, as applied to the fluid in the supply line 


SUPPLY TANK 
COMBUSTION CHAMBER 
SUPPLY LINES 
| 
t 


x 


and 


av, av 
at dz p dz 
where V is the velocity of the liquid particle, P is the pressure 


of the surrounding medium, ¢ is time, and z is the axial dis- 
tance from the tank. Now let 


t) = f(x)U + g(x) v(t), VK U)...... 
P(x, t) = q(x)Po — A(x)posin wt, (poK Po)...... 


f(0) = g(0) = = 0 
q(9) = P;/Po 
= = hW(L) = = 1 


U and P, are the steady-state values of the jet velocity and 
chamber pressure, respectively, and pois the amplitude of 
the chamber pressure oscillations. 

Consideration of the continuity condition reveals that f = g, 
so that substitution of Equations [16] and [17] into Equation 
[15], with subsequent integration with respect to x, yields the 
following steady-state and perturbation solutions, respectively 


p p 


Po Sin (wt — ¢) 


and o(L) = v = [19] 
= K sin (wt — ¢) 


and @ = arctan (wG/U). 


Since the continuity condition allows for no velocity gradient 
for an inviscid fluid in a channel of constant cross section, it is 
apparent that the acceleration of the fluid particles from zero 
to U must occur entirely inside the supply tank, thus requiring 
that the origin (x = 0) be shifted to the left in Fig. 13, if 
continuity of inviscid flow is to be preserved. For hyperbolic 
streamlines in the tank (which converge to the tank outlet), 
G = L + b/3, where b is the distance from the new origin to the 
tank outlet. For b << L, ¢ is then approximately equal to the 
product of the frequency and the time required for the fluid 
to traverse the distance L at the steady-state velocity U. 

Having determined the variation of injection velocity due to 
the oscillating chamber pressure, it is now possible to deter- 
mine the position z of each element of liquid (e.g., a droplet) at 
time ¢ 


(t — t;)-V(L) = (t — t;) (U + K sin (wt; — ¢)).... [21] 


z= 
= 7T,;[U + K sin (wt — @ — o7;)] 


where ¢; is the time at which the droplet under consideration 
was injected from the orifice at a velocity V(t:), and T;is the 
interval of time during which the droplet has traveled. 

If it is now assumed that the slowest moving droplets 
(V = U — R) will retain their original velocity, and that the 
more rapidly moving droplets which follow will coalesce with 
the slow droplets and continue at the minimum velocity, 
then the situation at any instant will be quite similar to that 
shown in Fig. 12(a) with evenly spaced large droplets, each 
followed by a number of smaller droplets. As one proceeds 
farther from the injector, the number of intermediate small 
droplets will decrease and the size of the larger droplets will 
increase, because more of the faster-moving smaller droplets 
will have coalesced with the larger droplets. 

The quantity of liquid coalesced in any of the larger droplets 
can be determined as follows: The appropriate value of the 


529 


i 
[16] 
a) AXIAL MODE 117] 
aie 
effect 
jets Fig. 13 Schematic diagram of idealized propellant feed system 22a 
LSION Ocroper 1955 


time of injection ¢; can be obtained by minimizing the sine 
function in Equation [21] 


where ¢ is determined from Equations [20] and [18] by using 
the appropriate values for AP, p, w, and G. Having estab- 
lished the position z* of one of the larger droplets (photo- 
graphically), the corresponding value of the time of travel 7';* 
can be determined from Equations [21] and [22]. 


The minimum time of travel 7;** for a segment of liquid which 
is included in the large droplet can then be determined as the 
smallest (of three) values of 7’; which satisfies the equation 


=7;[U + K sin (wt* — — = TiV(T;)...[24] 


where 


Since it is impossible to solve the transcendental Equation 
[24] by analytical means, a graphical method appears to be 
appropriate. By plotting the curves for V(7;) and z*/7; vs. 
T;, it is very simple to determine the value of 7;** as the 
lowest value of 7; at which the two curves intersect. Then 
all of the liquid which has traveled from 7;** to T;* sec 
can be assumed to have coalesced in the larger droplet at the 
point z*. Fig. 14 shows a typical graphical solution, with w 
= 2000 rad/sec, U = 100, K = 50, ¢ = 0.75, and z* = 
0.1, 0.25. The cross-hatched portions represent the larger 
coalescent droplets. 
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Fig. 14 Graphical solution of Equation [24] 


Determination of the actual volume of liquid in this droplet 
requires an assumption regarding the variable thickness of 
the stream from which the droplets are formed. By assuming 
that the mass flow, which begins far back in the supply lines 
(where the effect of chamber pressure oscillations is negligible), 
is constant, the appropriate equation becomes 


xpVD*/4 = const = My................ [26] 


where D is the variable diameter of the stream. The total 
mass M of liquid in the larger droplet can then be determined 
from the equation 


Ti* 
M = = MAT:* — Ti**) .... [27] 


and the diameter d* of the corresponding spherical droplet can 
be determined from the equation 


d* = W6M/xp =~ — T;**)/2..... [28] 


where Dy is the exit diameter of the orifice. 

The size of the smaller droplets can be determined from the 
diameter of the stream D and the wavelength of the disturb- 
ance \. Experimental evidence (3) indicates that the varia- 
tion of wavelength with stream diameter and stream velocity 
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can be represented by the following equation 


where a is the constant of proportionality with the units of the 
square root of velocity. The diameter d of the resultant drop- 
let can then be determined by the equation 


d = W/3xD,?/2 ~ Dy [30] 


[29] 
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Fig. 15 Theoretical droplet configuration due to coalescence 


Fig. 15 shows the droplet configuration corresponding to t!e 
conditions of Fig. 14 as calculated from Equations [28], [2°], 
and [30] with a = 20(ft/sec)!/?. In this figure, it is noted 
that the jet was assumed to remain solid until after the form. .- 
tion of the first large droplet. The relatively thin stream u)- 
stream of the first coalescence is due to the fact that the 
velocities to the left of the first cross-hatched area in Fig. |4 
are close to the maximum (U + K), while the relatively large 
droplets between the first and second coalescent fluid masses 
are due to the low velocities (~U — K) between the first and 
second cross-hatched areas in Fig. 14. Although the volumes 
of these intermediate droplets vary by a factor of 2.5, it is 
seen that their diameters vary merely by a factor of 72.5 = 
1.35. The similarity between this calculated figure and the 
photograph of Fig. 12(a) is also noted. 


Combustion Stability 


Since it has been established by Godsave (4) and others 
(5, 6) that the mass rate of burning varies directly as the 
diameter of the droplet, it is apparent from Equation [30] that 
the rate at which combustible gases are liberated at a combus- 
tion front, which is assumed to occur at a constant distance Z 
from the injector, will vary periodically with a frequency of 
w/2x. By postulating that an increase in the rate of gas 
evolution brings about a simultaneous increase both in burning 
rate and in chamber pressure, it can be deduced that a slight 
pressure impulse will occur whenever one of the coalescent 
droplets reaches the combustion front. Instability will occur 
whenever the times at which these pressure pulses occur 
coincide with the maxima of the oscillating chamber pressure, 
i.e., when the burning rate and chamber pressure are in 
phase. 

It is noted that this instability mechanism presupposes the 
existence of an oscillating chamber pressure, which may well 
be due either to the cavity type oscillation observed by Ber- 
man and Cheney (7) or to the system oscillations analyzed by 
Summerfield (8) and Crocco (9). Hence the mechanism 
herein proposed can be regarded as an additional factor, by 
which the amplitude of existing oscillations will be increased 
or decreased, depending upon the phase relation between 
chamber pressure oscillations and the incidence of the coales- 
cent droplets at the flame front. 

This instability condition can be expressed by requiring that 
the jet velocity be a minimum at the time that the coalescent 
drop reaches the flame front. By setting z = Z, t = ¢*, and 
T; = Oin Equation [21], consideration of Equations [21], [23], 
and [25] yields the following condition for instability 


Z 
[31] 
(Continued on page 534) 
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A Method for Estimating Altitude Performance of 
Balloon Launched Rockets 


MALCOLM S. JONES, JR.' 


Project Matterhorn, Forrestal Research Center, Princeton, N. J. 


An approximate method has been developed for esti- 
mating the altitude performance of balloon launched 
rockets which were first proposed and used by Van Allen 
and Gottlieb. This paper presents an analysis of the 
preliminary data on 17 rounds of Deacon rockets fired from 
balioon altitudes during 1952 and 1953, and a comparison 
with the approximate theory. 


Nomenclature 

t = time 

r = distance, vertical coordinate upward 

= velocity 

= acceleration 

m = mass of rocket at time specified by subscript 

SUI Rounds NRL Rounds 

My = 194# 218# 

Mbo = 947 118# 

Cp = coefficient of drag 

M = Mach no. = velocity divided by local velocity of sound 

a = local velocity of sound in atmosphere, assumed = 
1000 ft sec~! 

D = drag 

A = cross-sectional area of missile = 0.23 ft? for Deacon 
rocket 

p = density of the atmosphere = p, exp (— az) 

Po = sea level reference density of atmosphere = 0.170 lb 
ft-3 

a = const. = 1/17,400 ft-! 

g = acceleration of gravity, assumed constant = 32.2 ft 
sec~? 

T = total burning time, sec. = 3 sec for Deacon rocket 

K = drag factor (see Eq. 2) = 1/2 Ap,ak 

k = drag coefficient normalization factor, Eq. [1] 

Ve = effective exhaust velocity of rocket motor = 5500’/ 
sec for Deacon rocket 

b = —m = rate of mass flow through motor nozzle, as- 
sumed const., = 1.0 for Deacon rocket 

r = ratio of initial mass to burnout mass = 2.065 SUI 
rounds 

= ratio of initial mass to burnout mass = 1.848 NRL 

rounds 

Y = specific heat ratio of exhaust gases (see Ref. 5) as- 
sumed = 1.20 

Ae/A; = exhaust area ratio (see Ref. 5) assumed = 7.0 

pi/p; = pressure ratio (see Ref. 5), assumed & 60 @ sea level 

Cr = normalized thrust coefficient 

L = launching parameter = Ke~@/b 

J = burnout parameter = Ke~2*o/m,, 

X = max. vertical distance above burnout altitude 

Subscripts 

t = at time ¢ 0 = at launching time or 

altitude ; 
bo = at burnout max = at maximum altitude 


b = distance traveled or time elapsed while burning 


Introduction 


HE balloon launched rocket, proposed and first used by 

Van Allen and Gottlieb (1)? represents a relatively low 

cost vehicle for the performance of certain types of high alti- 
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' Research Associate; formerly Lieutenant (CEC) U.S. Navy, 


Office of Naval Research, Washington, D. C. 
* Numbers in parentheses indicate References at end of paper. 


OcroBer 1955 


tude experiments. Because of the large number of experi- 
ments which can be performed with this vehicle within a 
short period of time (as many as five flights per day, or 20 
flights in a two-week season), it seemed desirable to have some 
sort of a first order theory which would take into account 
the many launching and rocket parameters and allow an 
estimate to be made of the performance of the vehicle based 
on the limited information available without a complete 
analysis of the data collected. With the rocket motors used 
thus far, the Deacon rocket, whose characteristics are out- 
lined in (1), the experimental apparatus has been simple 
and lightweight, hence limited in the intelligence that could 
be transmitted. For this reason, such factors as launching 
altitudes, peak altitudes, etc., are only known or estimated to 
an accuracy of several thousand feet. In addition, there is 
a normal dispersion in the internal ballistic performance of 
rocket motors. Therefore, a more elegant theoretical ap- 
proach does not seem warranted for the stated purpose. 
For more accurate work, such as evaluation of experimental 
data, it may be necessary to resort to step-by-step calculations. 


Summary of Theory 


In addition to the usual assumptions—such as (a) constant 
gravitational attraction, (b) thatethe rocket is fired in a 
vertical direction, (c) logarithmic density of the atmosphere, 
(d) that the properties of the atmosphere such as temperature, 
molecular weight, etc., can be suitably averaged in regions 
where drag forces are important(2)—it was assumed (e) that 
the drag forces on the rocket were proportional to the Reyn- 
oldsnumber. Assumption (e) can be adapted to conventional 
notation by expressing a relation for the coefficient of drag as 


where & is a constant, suitably chosen to provide some 
measure of agreement with drag forces, or drag coefficients, 
determined by the equation: drag = '/2 pACp(%)?, in the 
region of interest, usually near the end of the burning period 
where the drag forces are the largest. With the above 
assumptions the drag on the rocket can then be expressed as 


drag = 1/2 App [2] 
= [2a] 


where K = poak. 

By equating the forces acting on the rocket during burning, 
with the additional assumption of constant burning rate of 
propellant, it is found that 


m:é = thrust — gravity — drag 
= —mg — [3] 


Assuming that K exp {—a(x + z)} can be regarded as con- 
stant during the burning period, a rapid burning motor such as 
the Deacon rocket will travel only some 6000 ft while burning. 
Equation [3] can be integrated to obtain a relation for the 
burnout velocity which for most practical cases can be ex- 
pressed with sufficient accuracy as 
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This relation has been checked against step-by-step calcula- 
tions and agrees to within about 2 per cent if (K/b) exp 
(— aa) is less than about 0.2. Calculations using Equation 
[3a] can be simplified if we call the factor (K/b) exp (—a%) 
the launching parameter L, and define a velocity function 
= [1 — where 8 = mo/my is the mass ratio; then, 
if % = 0, Equation [3a] can be expressed as 


Fig. 1 is a plot of the velocity function ¢ for a range of val- 
ues of Band L. Also shown on Fig. 1 as dashed lines are the 
values of 8 for use with the Deacon rocket configuration used 
in later work. The dashed line labeled SUI is for the rounds 


0? 
LAUNCHING PARAMETER 
Fig. 1 Variation of velocity function, ¢, with launching para- 
meter Z for various mass ratios 


fired by the State University of Iowa, while the dashed line 
labeled NRL is for the rounds fired by the Naval Research 
Laboratory. 

After burnout, with the above assumptions regarding drag, 
the maximum vertical distance above burnout altitude can 
be expressed by the relation 


Ke~ 
myB 
e(BK:)? |. [4] 


a 


1 1 : 
X= + — log, [: 


where 


The integral on the right side of Equation [4] can be evaluated 
by reference to tabulated values of the S 7 exp (a?) dx (see 
Ref. 4). 

Thus it is possible to express the maximum altitude per- 
formance after burnout in terms of the burnout velocity 
Zoo, and the burnout parameter K exp (—aZ»o)/moo, which we 
will call J. The variation of X with J for various constant 
values of zo can then be plotted in graphical form, as is done 
in Fig. 2. With this chart or nomograph it is possible to find 
X, if iyo and J are known, or do if X and J are known, etc. 
This chart also forms a basis for the comparison of the per- 
formance of several rounds fired under different conditions, 
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X=X max Xbo 


(k assumed = 2.6, Xp= 55001.) 


03 o! 
BURNOUT PARAMETER J 

Fig. 2. Variation of maximum vertical distance above burnout 
altitude with burnout parameter J for various burnout velocitics. 
Experimental points for Deacon rockets fired at balloon altitudes 
in 1952 and 1953 shown with appropriate reference scales for 
altitudes at which rounds were launched. Dashed curves show 
theoretical variation of performance of the different weight rounds 


since it allows a determination of zo which can be compared 
with that predicted by Equation [3]. 


Experimental Data 


Preliminary data (1,7—10) on seventeen Deacon rockets fired 
from balloon altitudes during 1952 and 1953 are presented 
in Table 1. Column 1 gives the launching altitude, column 
2 the reported or estimated maximum altitude, column 3 
the total flight time, and column 4 the value of X as used in 
Equation [4] (i.e., max — 20), allowing 5500 ft for z». Col- 
umn 5 gives the type of experiment performed, the reference 
in which the work was reported, and in parentheses the round 


Table 1 Performance of Balloon Launched Deacon 
Rockets 1952-1953 
Col. 1 2 3 4 5 
Total Type 
time of 
of flight 
Lo X, & ref- 
ft ft sec ft erence 
1 38,000 200,000 252 156,500 B, 7b(3) 
2 36,000 195,000 220 154,500 A, 1(4) 
3 57,000 295,000 280 232,500 A, 1(5) 
4 41,000 210,000 235 163,500 A, 7(6) 
5 43,000 210,000 223 161,500 A, 7(7) 
6 45,000 225,000 235 174,500 B, 8(15) 
7 68,000 325,000 286 251,500 B, 8(17) 
8 67,000 300,000 268 227,500 B, 8(21) 
9 67,000 340,000 280 267,500 B, 8(22) 
10 57,000 290,000 270 227,500 A, 9(13) 
11 65,000 Est.334,500 277 264,000 A, 10(11) 
12 70,000 340,000 285 264,500 A, 9(20) 
13 66,000 325,000 255 253,500 A, 9(23) 
14 83,000 260,000 242.5 171,500 C, 10(9) 
15 29,300 125,000 176 90,200 C, 10(14) 
16 75,000 265,000 250 184,500 C, 10(15) 
17 73,500 220,000 202 141,000 C, 10(22) 
A = SUI single counter flight; B = SUI ion chamber 
flight; C = NRL meteorological flight. 


or flight number used to indicate the flight in that reference. 
The cosmic ray altimeter method (6) of Gangnes, Jenkins, 
and Van Allen, was used to estimate the maximum altitude 
of flights where this information was not available. On the 
flight reported as round No. 11, the Geiger counter failed 
soon after firing, near burnout. The maximum altitude of 
this flight was calculated from the total flight time. 

The data from Table 1 are plotted on Fig. 2, using the 
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numerical values for constants and derived quantities listed 
in the Nomenclature, together with the assumption that k = 
2.6, to determine the burnout parameter J. Also shown on 
Fig. 2 by the dashed lines are the expected burnout velocities 
determined by Equation [3] for the two different weight 
rounds, i.e., SUI and NRL, launched under such conditions 
that they would have that particular J at burnout. For this 
calculation, the increase in thrust with altitude, using the 
charts contained in (5) with the values y = 1.20 and A,/A,z 
= 7.0, was included. The sea level effective exhaust velocity, 
V,, was derived from the thrust-time characteristics of the 
Deacon rocket reported by Van Allen and Gottlieb in (1). 
For easy reference, scales showing 2 for each of the two types 
of rounds are given at the bottom of Fig. 2. It should be 
noted that the positioning of the 2 scales and the dashed 
lines for zo is dependent upon the weight, thrust, and drag 
parameters; therefore those shown are applicable only to 
rounds of the weight and configuration, using the same motors 
as are considered herein. For different vehicles, etc., the curves 
and scales can still be easily plotted on the form of Fig. 2. 


Choice of Drag Coefficient k 


Fig. 3 shows unpublished data (3) derived by Ray and 
Van Allen from tracking data for the coefficient of drag, 
Cp, of a tower-launched Deacon rocket of substantially the 
same configuration as used in the later work covered in Table 
1. Superimposed on this figure are lines representing the 
assumption expressed in Equation [1], i.e., Cp = k/M, for 
various values of k. It may be noted that in the velocity 
region 1.7 < M < 3.0 a fairly good fit of the data can be ob- 
tained by this relation. However, it can be seen from Fig. 2 
that the rounds fired at high altitudes achieved velocities 
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Fig. 3. Variation of drag coefficient Cp, with Mach number of 
tower-launched Deacon rocket. Derived by Ray and Van 
Allen from White Sands Proving Ground tracking data 


somewhat greater than those covered by Fig. 3. It should 
also be noted that for the tower-launched round, maximum 
velocity was achieved at about 8000-ft altitude (Reynolds 
number approximately 4.9 < 10° at burnout), whereas for 
more than 50 per cent of the rounds considered in Table 1, 
burnout was higher than 70,000 ft (Reynolds number = 
4.23 X 105). Therefore in addition to the higher velocities, 
there is a large difference in Reynolds numbers between the 
data of Ray and Van Allen and those considered herein. 

For this reason, and to check the validity of the calculations, 
an analysis was carried out to determine an appropriate 
value of k. Values of the burnout parameter J for each round 
in Table 1 were computed using the values k = 1.8, 2.2, 2.6, 
and 3.0. These values of J were plotted on the J-X curves, 
as per Fig. 2. Values of iyo were then determined for each 
case. The values of J were then converted to values of L, 
the launching parameter, and from Fig. 1 the corresponding 
values of ¢, the velocity factor, were determined. The 
burnout velocities plus an allowance for gravity were then 
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LAUNCHING ALTITUDE ft) 

Fig. 4 Comparison of normalized thrust coefficient, Cy’, for 

experimental points, shown numbered in top figure, with theo- 

retical value, shown as dashed line, as a function of launching 

altitude, 2, for various values of the drag normalization factor, 
k. Value k = 2.6 chosen as most appropriate 


divided by ¢, to give a value for the effective exhaust velocity 
Vz, which was then divided by sea level effective exhaust 
velocity to obtain what is called the normalized thrust 
coefficient, Cr’. The normalized thrust coefficient can be 
calculated, using the method in (5), from the known charac- 
teristics of the rocket motor and propellant, as a function of 
altitude. Therefore, since Cr’ is practically independent of 
the velocity, but a function of pressure ratio, it should be 
an independent measure by which to compare the calcula- 
tions and experimental data. Fig. 4 presents the calculated 
values of Cr’ for the experimental data on the assumption 
that k = 1.8, 2.0, 2.4, and 2.6. The dashed line in each 
figure is the theoretical variation of Cr’ with altitude. 


Comparison with Experimental Data 


The effect of changes in k, as shown in Fig. 4, is most 
marked in the lower altitude region, i.e., 30,000 to 50,000 
ft, as would be expected. For this region, the value of k = 
2.6 is considered the most appropriate choice. While this 
value is somewhat higher than that which would be predicted 
by the extrapolation of Van Allen and Ray’s data on Cp, 
it must be remembered that for the experimental data pre- 
sented on high altitude launchings, the flow pattern is prob- 
ably in the transition region between turbulent and laminar 
flow, as compared with the strictly turbulent flow of the static 
fired round. Unfortunately, wind tunnel data are not 
available to determine this point. In addition, because of 
lower aerodynamic restoring forces, more yaw angle is ex- 
pected for the higher altitude launchings which would lead 
to larger projected cross-sectional areas, vortex shedding, 
etc. For these reasons, and because of the uncertainties 
involved in the basic data and assumptions, including the 
interior ballistics of the rocket motor, a strict comparison 
with the values of Cp determined for the static fired round 
should not be made until either the analysis has included 
many more rounds, or detailed tracking data from a round 
launched at moderately high altitudes are available. Such a 
comparison should then allow an assessment of the amount 
of error introduced by assumption (e) which made possible 
the linearization of the equations of motion, and this simpli- 
fied analysis. 

It may also be noted that most of the experimental points 
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for the higher altitude rounds are above the theoretical 
curves in Fig. 4. This may be due to any of the following: 
an underevaluation of the sea level effective exhaust velocity, 
the reduction in gravitational attraction which was neglected 
by assumption (b), or other causes such as the improper 
evaluation of C'r’. 

One other point worth noticing is the reduction in perform- 
ance of rounds Nos. 14 and 17 which were launched at about 
the highest altitudes. This may be due to lack of stability 
at launching, which is analyzed by Van Allen in (1), which 
would allow the jet overturning forces to point the rocket 
at some angle @ to the path of the launching. Assuming 
normal performance of the rocket motors, this would indicate 
that @ = 21° for round 14 and 6 = 30° for round 17. On the 
same basis it is indicated that 6 may equal 16° for round 8. 

It may be noted from Fig. 3, using a value of J = 1.31 X 
10-2 for the SUI round at 60,000 ft, that the experimental 
data indicate the maximum altitudes achieved are some 
50,000 ft higher, for launching at 60,000 ft, than was predicted 
by the preliminary estimates presented in Fig. 1 of (1). 


Conclusions 


It can be concluded that the method presented herein, 
with the value of k = 2.6 for the Deacon rocket motor and 
configuration used, gives an agreement of maximum altitude 
performance within +10 per cent over the range of launching 
altitudes from 35,000 to about 75,000 ft. Thus it is felt 
that this method will be useful for: 

(a) The intercomparison of performance of rounds of 
the same external configuration and internal ballistic charac- 
teristics over a wide range of launching parameters. 

(b) Making preliminary performance estimates of rounds 
using motors other than the Deacon for high altitude launch- 
ings from either balloons or other multistage vehicles such 
as aircraft or multistage rockets. 
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Disintegration and Dispersion of a Liquid Jet 


(Continued from page 530) 
which leads to the stability criterion 


Po wZ 
+ :) > [32] 
By assuming that G<<U, Equation [32] can be written 
Po wZ 
U (: [33] 


which shows that instability, as evidenced by complete flow 
reversal in the supply lines, is inevitable if the amplitude of 
chamber pressure oscillations exceeds twice the steady-state 
pressure drop across the orifice. 


Conclusions 


As a result of this investigation, the following conclusions 
can be drawn: 

1. Ambient pressure oscillations, either normal to or 
parallel to the axis of a liquid jet, tend to decrease the length of 
the solid stream and have a decided effect on the dispersion 
pattern of the jet. 

2. It can be shown both experimentally and theoreticaily 
that the magnitude of this effect decreases as either the pres- 
sure drop across the orifice or the frequency of the pressure 
oscillation is increased. 

3. The mixing of parallel streams is aided greatly by 
transverse pressure waves. 

4. The coalescence of droplets, which results from axial 
pressure oscillations in a chamber, can lead to unstable com- 
bustion if the steady-state flow velocity is less than a certain 
critical value. 
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Technical Notes 


Studies of the Mechanism of Flame 
Stabilization by a Spectral Intensity 
Method’ 


RICHARD R. JOHN,? EDWARD S. WILSON,’ and 
MARTIN SUMMERFIELD‘ 


The James Forrestal Research Center 
Princeton University, Princeton, N. J. 


In research on ramjet-type combustion chambers, it is 
important to be able to determine the local intensity of 
conibustion and the local fuel-air ratio at various points in 
the flame zone. The standard method is chemical sam- 
pling, but it is usually tedious and difficult. This paper re- 
ports a new method for two-dimensional hydrocarbon-air 
flames based on measurements of radiation intensity from 
the emitters CH and C;. The method is applied to the 
problem of the mechanism of flame holding, particularly 
to the question of the observed shift of the blow-off curves 
at Reynolds numbers below 10‘, with the result that a cer- 
tain aspect of the effect of selective molecular diffusion is 
clarified. 


Introduction 


The practical performance characteristics of bluff body 
flame stabilizers are generally presented as plots of blow-off 
velocity as a function of the inlet fuel/air ratio, inlet flow con- 
ditions, and the flame holder and combustion chamber geome- 
tries (1, 2, 3).6 From the scientific standpoint, however, the 
flame stabilization mechanism must be treated in terms of the 
aerodynamic, thermal, and chemical structure of the region 
in the vicinity of the bluff body. Specifically, an investigation 
of this region would include such factors as the shape of the 
recirculation pattern (4), the importance and type of the local 
transport mechanisms (laminar or turbulent) (5), the distribu- 
tion of chemical reaction downstream of the stabilizer (6, 7), 
and the effect of local boundary layer characteristics (8, 9). 
The techniques described in the preceding references for ex- 
amining these effects include schlieren and shadowgraph 
pictures, particle and sodium vapor tracers, gas sampling, and 
boundary layer removal. 

It had been noted previously, in observations of the flame- 
holder region through transparent side walls, that under some 
flow conditions, e.g., low Reynolds numbers, the region im- 
mediately downstream of the stabilizer has a color different 
from that in the main flame (5, 10). As a part of the current 
research in this laboratory pertaining to the radiation from 
laminar and turbulent flames of premixed gases (11), a series 
of experiments was carried out to determine whether this dif- 
ference in visible radiation could be used in a quantitative 
fashion as another tool to obtain additional information on the 
structure of the flame holding region. 
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Visible Flame Radiation 

The visible radiation in premixed hydrocarbon-air flames 
and in hydrocarbon-oxygen flames is due for the most part to 
the emitters CH, C., and CO.*. Of these three sources, CH 
and C, are the strongest and occur mainly in the primary burn- 
ing zone, whereas CO,* occurs both in the primary burning 
zone and in the after-burning zone (interconal region of a bun- 
sen flame) (12). The strongest radiation emitted by the CH 
radical is concentrated in a group of bands near 4300 A, and 
the strongest radiation from C, occurs near 5100 A. The 
characteristic blue-violet color of fuel-lean flames and the 
blue-green of fuel-rich flames are determined by the relative 
emission strengths of the CH and C, radicals. 

Paradoxically, despite the prominence of their radiations, 
the radicals CH and C, are present in very small concentra- 
tions, e.g., much less than 0.001 mole fraction for an acetylene 
oxygen flame at 1 atm pressure (13), and do not seem to play 
an important role in the combustion mechanism (14). How- 
ever, since their concentrations and the resultant luminosity 
reach a peak very near to the point of maximum reaction rate 
in a laminar flame, it is plausible that the spatial distribution 
of luminosity of CH or C, will give a quantitative indication of 
the spatial distribution of reaction intensity in a complex 
combustion region. This hypothesis is now being tested. 

Another result which could not have been anticipated on 
theoretical grounds is that the intensity ratio of CH radiation 
to C2 radiation (denoted hereafter simply as CH/C2) in a 
laminar flame is a unique function of fuel/air ratio. This con- 
clusion was suggested by Gaydon and Wolfhard in their work 
on the comparison of turbulent and laminar flame spectra (15) 
and by the work of Clark and Bittker on turbulent flames 
(16). It has been verified in this Laboratory for premixed 
propane-air flames. Having established this result, the curve 
of CH/C, vs. fuel/air ratio for a laminar flame can be used 
(within limits) as a calibration curve to determine the local 
fuel/air ratio in any section of a flame of nonuniform mixture 
ratio burning at approximately the same temperature and 
pressure. This method has been used, as indicated in the 
following sections, to investigate the degree of selective dif- 
fusion in the flame stabilizer region. The possibility of using 
this technique for flame zones that are highly turbulent is still 
under investigation and will be discussed in a future paper. 


Selective Diffusion Near a Flameholder 


The process of selective diffusion in the wake of a flame 
stabilizer has recently been investigated in some detail by 
Zukoski at CalTech (5) and Williams and Shipman at M.L.T. 
(17). Briefly, the effect is the following. The stability curves 
(blow-off velocity vs. fuel/air ratio) of bluff body flame 
stabilizers operating at high Reynolds numbers (above 10‘) 
peak at some point near the stoichiometric fuel/air ratio. 
However, below this critical Reynolds number, the fuel/air 
ratio corresponding to the maximum blow-off velocity shifts 
to the rich or lean side of stoichiometric, depending on whether 
the gaseous fuel is heavier or lighter than oxygen; e.g., for 
propane, the fuel/air ratio for the maximum blow-off velocity 
is greater than stoichiometric. 

From these observations, it is concluded that the mecha- 
nism of flame stabilization at low Reynolds numbers is in some 
way influenced by the molecular diffusion of fuel and oxygen 
into the flameholder region. For a heavy fuel, the oxygen 
molecules will diffuse more rapidly than the fuel molecules, 
and as a result, the flameholder region may have a stoichio- 
metric mixture ratio when the over-all fuel/air ratio is on the 
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rich side. Therefore, associating the maximum blow-off 
velocity with a stoichiometric fuel/air ratio in the flameholder 
region, the rich shift for the heavy fuels and the lean shift for 
light fuels are explained. 

To verify this reasoning, both the M.I.T. and CalTech 
groups measured chemically the fuel/air ratio in the middle of 
the wake of the flameholder near the rear stagnation point 
(effective fuel/air ratio based on combustion products). 
Here it was explicitly assumed that the fuel/air ratio in the 
wake is the same as that in the region of active combustion at 
the sides of the holder. In the CalTech experiments it was 
determined that, at Reynolds numbers less than 4 X 10° for 
fuels heavier than oxygen,the fuel/air ratio indicated by the 
products of combustion is less in the flameholder wake than 
in the main stream. At high Reynolds numbers (above 10‘) 
it was found by the CalTech group that the fuel/air ratio in 
the free stream and that in the flameholder wake were the 
same. These results correspond to the observed shift of the 
peak of the stability curves toward the stoichiometric fuel/air 
ratio at high Reynolds numbers.® 

However, in the intermediate Reynolds number region (4 X 
10? to 1 X 104), whereas the fuel/air ratio in the fameholder 
region appears to be approximately the same as that in the 
main stream, there is still a shift of the stability curve indicat- 
ing that, in contradiction to the results of chemical sampling, 
selective diffusion still appears to be present. The difference 
is attributed to the fact that the sample taken in the wake re- 
gion contains the products of combustion recirculated from the 
flame spreading region downstream of the actual flamehold- 
ing region. Therefore, these chemical sampling experiments 
failed to give a correct indication of the influence of diffusion 
in the intermediate range of Reynolds number where the 
chemical compositions of the two flame zones are different. 
However, the spectral intensity technique described in this 
paper does provide the desired information because it exam- 
ines directly the mixture ratio in the important flameholding 
region. (See Ref. 5, particularly Fig. 33, and discussion, p. 14.) 


Experimental Program 


Combustion in these experiments took place in a 1/:-in. X 
2-in. two-dimensional duct, 12 in. long, with Vycor #790 glass 
walls. The burner which exhausted to the open atmosphere 
was connected to an air and propane supply system which per- 
mitted operation at burner entrance velocities from ap- 
proximately 20 to 200 ft/sec. The burner was equipped with 
a series of shields which permitted the isolation of the visible 
radiation from individual parts of the flameholding and 
flame spreading regions. 

The CH and C; radiations were isolated by interference fil- 
ters which had a band width of about 100 A and were centered 
respectively at 4280 A (CH) and at 5080 A (C2). The radia- 
tion intensity was measured by a standard photomultiplier 
tube, RCA Type 931-A, fitted first with one of the filters, then 
with the other. The CH/C, ratio reported herein is the ratio 
of the two output signals, and thus involves the spectral 
sensitivity of the tube and the transmission factors of the fil- 
ters. These are simply constants. Preliminary tests, which 
are to be repeated later with greater precision, indicated that 
self-absorption is negligible in the case of these particular 
radiations. 

Fig. 1 presents a plot of CH/C; as a function of fuel equiva- 
lence ratio. These measurements were made on a quiescent 
(nearly laminar) flame segment at a point away from the in- 
fluence of the flameholder, and constitute the calibration 
curve for determining local mixture ratio in the zone near the 
flameholder. In Fig. 2 are presented axial traverses of CH/C, 
in two different runs with the same !/2-in. diameter flameholder 


*To clarify the reference to “high Reynolds numbers,” it 
should be noted that there appears to be still another significant 
range above 105, where blow-off velocity is proportional to the 
first power of flameholder dimension. This range was not ac- 
cessible for study in our equipment. 
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Fig. 1 CH/C, vs. fuel equivalence ratio at a station remote 
from the flameholder (calibration curve) 
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Fig. 2 CH/C. vs. axial distance from flameholder (mm). 
Effect of fuel equivalence ratio 


operated at the same stream velocity but at different equiva- 
lence ratios. (At each axial position the magnitude of CH/C; 
was recorded at the point of peak luminosity along a cross- 
stream traverse.) The curve corresponding to the fuel rich 
equivalence ratio decreases from a maximum as the distance 
from the flameholder is increased. In the case of the fuel lean 
equivalence ratio just the opposite is the case. Reference to 
Fig. 1 shows that in both cases the change in CH/C; corre- 
sponds approximately to a 20 per cent reduction of the fuel/air 
ratio at which combustion actually takes place in the flame- 
holding region near the stabilizer. It is to be noted that the 
process of selective diffusion is not confined to a sharply de- 
fined region but rather falls away gradually from a maximum 
in the immediate proximity of the flame stabilizer. This 20 
per cent reduction in fuel concentration at our Reynolds num- 
ber of 1 X 104 explains the observation of Zukoski (5) that the 
peak of the blow-off curve was shifted to 20 per cent higher fuel 
supply concentration when his Reynolds number was 0.9 X 
10*” This 20 per cent shift was not explained by the measured 
chemical composition in the holder wake. 

In Fig. 3 a comparison is made of two CH/C, traverses 
for the same '/2 inch flameholder at Reynolds numbers above 
and below the critical value indicated by Zukoski’s tests 
(5). In the case of the high Reynolds number flow CH/C: is 
approximately constant, while in the low Reynolds number 
case there is a decrease in CH/C, as the holder is approached, 
corresponding to a progressively leaner fuel concentration. 
(The fact that the CH/C, values in Fig. 3 for Reynolds num- 
ber 5 X 104 exceed the corresponding value in Fig. 1 by 12 
per cent is probably due to an undetected change in the spec- 
tral sensitivity of the measuring system. This is being in- 
vestigated more carefully.) This result appears to corroborate 
the postulate that, in the flow regions above and below the 
critical Reynolds number, different types of transport proc- 

7 The difference between the 1.0 X 104 value in our experi- 


ments and the 0.9 X 104 of Zukoski may be instrumental error oF 
a real difference due to different operating conditions. 
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Fig. 3 CH/C: vs. axial distance from flameholder. Effect of 
inlet Reynolds number 


esses predominate. Above the critical Reynolds number the 
transport is turbulent, while below it is laminar with resultant 
selective diffusion. 


Conclusions 


From the preliminary results presented above and the re- 
sults currently being obtained at this laboratory, it is ap- 
parent that measurements of the visible CH and C, radiation 
in the region immediately downstream of a bluff body flame 
stabilizer can lead to information on the mechanism of flame 
stabilization which cannot be easily obtained by other 
methods. 
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A brightness-emissivity method for measuring transient 
flame temperatures produced by the combustion of solid 
propellants has been developed and applied to the study 
of an ammonium perchlorate-polyester resin propellant. 
The method is capable of a spatial resolution of less than 
50 microns for two-dimensional flames and can be used 
with flames of rapidly varying temperatures or emissivities. 
Experimental flame temperatures close to the burning 
surface were found to agree reasonably well with the theo- 
retically calculated values. Systematic effects of particle 
size, mixture ratio, and pressure are being studied. 


N A study of the mechanism of combustion of solid pro- 

pellants, it is important to determine the extent and 
structure of the active reaction zone. The extent of this 
zone may be deduced from the variation of temperature 
in the combustion region. 

The difficulty of accurately determining the temperature 
profile in a small zone or combustion wave is well known. 
Thermocouples have been used to measure the temperature 
in the solid phase adjacent to the surface for certain double- 
base propellants (1). However, difficulty in manipulating 
these small thermocouples, embedding them in the solid, 
and locating the thermocouple bead in relation to the burning 
surface, tend to discourage their use. 

On the other hand, various electro-optical methods for 
measuring flame temperatures have been developed (2, 3). 
A decided advantage of these methods is the ability to measure 
temperatures in flames that, for various reasons, may be 
rather inaccessible. Another advantage is the avoidance of 
any disturbing influence on the combustion process that 
might be caused by the insertion of immersion-type instru- 
ments. Unfortunately, the optical methods are useful only 
at relatively high temperatures, and are limited generally to 
measurements of temperature in rather gross zones compared 
to the resolution obtainable with fine-wire thermocouples. 

The development of an instantaneous electro-optical 
method for exploring microscopic regions is described in this 
note. Such microscopic exploration is necessary to find the 
peak flame temperature, since the temperature profile achieves 
its peak within 100 microns from the solid surface, and then 
falls away due to heat loss from the flame. Most of the 
visible flame has a temperature substantially less than the 
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Fig. 1 Apparatus for the determination of flame temperature by the brightness-emissivity method 


peak value. According to Lawrence-Dekker (7), the height of 
the visible flame from a similar ammonium perchlorate pro- 
pellant ranges from 5 mm at 200 psi down to 2 mm above 
1000 psi. Our data show that the active combustion zone 
occupies only 1/10 mm or less, right near the surface. 


Experimental Apparatus 


The propellant under study was a composite or hetero- 
geneous type composed of finely ground ammonium per- 
chlorate dispersed in a polymerized matrix of Rohm and 
Haas P-13 styrene-base polyester resin. The propellant was 
mixed with 0.1 per cent sodium chloride by weight to produce 
the desired intensity of Na D line radiation. It was manu- 
factured by a straightforward process in the Princeton 
Laboratory. 

The method used in this investigation is a brightness- 
emissivity method (4, 5) based on the assumption of thermal 
equilibrium of the emitter under observation with the com- 
bustion gases whose temperature it is desired to measure. 
The propellant flame displays considerable luminosity even 
with small amounts of added sodium, particularly at the 
75:25 mixture ratio and with coarse oxidizer grinds. This 
luminosity is due to carbon, which can be assumed to be in 
reasonably close thermal equilibrium with the gas. The ex- 
perimental setup (Fig. 1) starts with a tungsten lamp, whose 
ribbon filament is focused in the plane of the propellant 
flame by means of lenses 1 and 3. The transmitted radiation 
from the tungsten filament plus that from the flame is in 
turn focused on the monochromator entrance slit by means of 
lens 2. The monochromator exit slit then passes the desired 


le 


60 CPS TIMING MARK 


Fig. 2 Idealized oscillograph trace of radiation intensity show- 
ing measurements used to calculate flame temperature 


(a): Tungsten lamp alone; taken before or after flame test. 
(b): Flame plus lamp; taken as flame burns past monochromator 
entrance slit. 
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portion of the spectrum of both radiation sources to the photo- 
sensitive surface of a battery-operated RCA 1P21 photo- 
multiplier tube. The signal from the photomultiplier tube 
is recorded by a drum camera and d-c. oscillograph combina- 
tion. A 100K load resistor R allows an adequate frequency 
response at 300 eps in conjunction with a 0.002 mfd filter 
condenser across the oscillograph input. The use of light 
choppers 1 and 2 provides a temperature-time history of 
the propellant flame. An idealized trace is shown in Fig. 2. 

A portion of the flux from the flame and lamp is removed 
by a beam splitter and focused by lens 4 on a ground-glass 
screen. This screen contains a reference mark indicating 
the position of the monochromator entrance slit. Adjacent 
to the screen, a precision timer is located in the field of view 
of the 35 mm frame camera. From this film record, displace- 
ment-time information can be obtained as well as information 
concerning the one-dimensionality of the propellant surface 
as it burns past the monochromator entrance slit reference 
mark. The tungsten comparison source, with its associated 
lenses and bomb window, was calibrated with a disappearing- 
filament type optical pyrometer. 


Theoretical Considerations 


The calculation of experimental flame temperatures from 
the data proceeds as follows. The oscilloscope deflections 
due to the signal from the photomultiplier tube may be 
written as: 


D, = Ti’) 
= f(r, T's) 
D; = — 


where D,, De, and Ds are the deflections caused by the flux 
from the tungsten comparison lamp, the flame, and the com- 
parison lamp shining through the flame, respectively. & 
is a proportionality constant whose value depends on the re- 
sponse characteristics of the system. J, is the spectral 
intensity of black body radiation at the indicated tempera- 
ture and wavelength }.  ¢€, and a; are the emissivity and ab- 
sorptivity of the flame, respectively. Subscripts / and f 
refer to lamp and flame, respectively. For hot gases in 
thermal and radiative equilibrium, er = ay, according to 
Kirchhoff’s law. Using Wien’s approximation to Planck’s 
radiation law, the flame temperature may be written in terms 
of the lamp brightness temperature 7’;’ as 


— 1/T;' = d/e2 In (D, — 
where ¢2 is the second radiation constant (1.438 em deg K). 
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It is evident that the space resolution of the system is de- 
pendent on the speed of chopper 1, which was set at 300 cps. 
Chopper 2 is used to give periodic base line references. The 
magnitude of D, is recorded before and after each run. 

The spatial resolution in a direction normal to the burning 
surface is determined primarily by the following six factors: 
1—-width of monochromator entrance slit when projected 
into the plane of the flame; 2—location of focal planes of 
the lenses; 3—thickness of flame in line of sight; 4—numeri- 
cal aperature of the radiation beams; 5—degree of deviation 
of the burning surface from a one-dimensional horizontal 
surface; and 6—optical quality of the lenses. Through 
detailed study of these effects, it was possible to reduce the 
effective scanning slit width in the flame to about 50 microns. 
Some further reduction is possible by increasing the sensitivity 
of the radiation measuring system. In order to reduce the 
effect of burning surface tilt, the monochromator entrance 
slit length was reduced by a mask to a projected length of 
200 microns in the flame. 

It was also necessary to give some attention to the problem 
of obtaining the optimum flame absorptivity to achieve the 
desired accuracy of T'r. The sodium emission line at 5890 A 
was chosen for temperature measurement. A review of the 
various factors affecting the spectral width and intensity of 
this line is given by Bundy and Strong (2, 6). The two 
factors of most concern in this experiment were broadening 
of the line due to increasing pressure, and absorption broad- 
ening. It was found that, at combustion pressures below 
20 atmospheres, the line was sufficiently broad due to absorp- 
tion that average absorptivities of about 20 per cent were 
obtained, when the NaCl was added to the extent of 0.1 per 
cent by weight. At higher pressures, the line width increased 
enough that the monochromator exit slit had to be opened 
wider to maintain the optimum balance between lamp and 
flame emission. The relationship between the measured 
deflections, sodium concentration, spectral line width, and 
exit slit width was given detailed study to optimize the 
accuracy of the temperature measurements. 

Consideration was also given to the problems of vignetting 
of the comparison iamp, refraction of the lamp beam due to 
the temperature gradient in the flame, and the recurring 
problem of burning surface tilt. The only practical way to 
deal with the last problem was to carefully monitor each 
strand and discard the runs with excessive tilt. 

An interesting result obtained by this method was the ap- 
pearance of nearly maximum temperatures within fifty mi- 
crons of the surface for the case of the fine oxidizer particle 
size. However, at least two factors exist that could mask 
the true temperature profile near the surface. One is the 
presence of Na atoms in nonequilibrium states in the active 
reaction zone. The fact that no abnormal temperatures were 
observed is indirect evidence that this factor is not important. 
Another is the possibility that, if the propellant flame consists 
of a mixed zone of fuel-rich and oxygen-rich gas pockets, 
the sodium chloride added to the propellant does not disso- 
ciate sufficiently in the cooler regions between the reacting 
gaseous interfaces to give a free sodium atom density com- 
parable to that in the hotter zones. This situation would 
lead to a measured temperature’ always near the maximum 
even where the average temperature is considerably lower. 
Further experiments are in progress to shed more light on 
this question. 


Experimental Results 


A comparison between measured and calculated flame tem- 
peratures is made in Table 1. In all cases, the experimental 
temperatures were lower than the theoretical temperatures. 
In particular, the flame temperatures of the propellants 
with coarse oxidizer particles (150-200 microns) were con- 
sistently lower than those with fine oxidizer particles (5-10 
microns). This fact is not unexpected in view of the hetero- 
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Table 1 
Flame temperature, deg K 


Weight mixture ratio, oxidizer:fuel 
75:25 ~ 


Com- 
bustion Experimental Theo- Experimental Theo- 
pressure Coarse Fine retical Coarse Fine retical 
psi 

5 2400 2350 2500 2700 

50 2210 2300 2410 2500 2680 2750 

200 2270 2320 2412 2440 2760 2800 

400 2350 2310 2415 2590 2800 2810 


Note: Coarse grind propellant has an average oxidizer 
particle size of 150-200 microns. Fine grind propellant 
has an average oxidizer particle size of 5-10 microns. 


geneous nature of the flame zone, and indicates that best 
combustion efficiency is obtained with fine oxidizer particle 
sizes. Also, the results show that combustion efficiency im- 
proves with increasing pressure. 

Due to the fluctuating behavior of the flame, the tempera- 
tures listed in Table 1 are average values taken from the 
zone of maximum temperature. The estimated uncertainty 
interval of the temperature measurements is about +100 deg 
K. The probable error of the temperature measurements for 
the propellants with fine oxidizer particles is less than + 100 
deg K as a consequence of a more homogeneous flame zone. 

The theoretical temperatures were calculated by the method 
of successive approximations, allowing for the following com- 
bustion products: HO, CO., CO, H, OH, HCl, Cl,No. 

Other work in progress designed to obtain more information 
on the extent of the active reaction zone of this propellant 
flame includes the study of the spatial distribution of transient 
radicals such as CN, CH, and Cy. 
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Manifolds for Solid-Propellant Rocket 
Motors 
RICHARD D. GECKLER? 
Aerojet-General Corporation, Azusa, Calif. 

A method is given for computing the required size of 
manifold connecting two similar solid-propellant rockets 
so that the difference in combustion chamber pressure be- 
tween them will be reduced to any specified value. 

Introduction 


HE use of solid-propellant rockets fired simultaneously in 
clusters for launching missilesimposes stringent tolerances 


on the thrust developed by each rocket. The individual - 


rockets of the cluster are usually located at a distance from the 
center line of the missile. Therefore, unless their lines of 
thrust pass through the center of gravity of the missile-cluster 
combination, any differences in rocket thrusts will lead to a 
moment of force about the C.G. Oftentimes it is not possible 
either to provide the controls necessary to overcome this 
moment of force or to arrange for the lines of thrust to pass 
through the C.G. 

In these cases it may be possible to reduce the extent of the 
thrust differences of the individual rockets by interconnecting 
them with a manifold large enough to nearly equalize their 
chamber pressures. The approximate theory for a pair of 
rockets given below permits the appropriate size of manifold 
to be easily selected once the ballistic properties of the pro- 
pellant, the known variability in thrust before manifolding, 
and the desired variability in thrust after manifolding are 
given. 


Derivation of Theory 


We consider two rocket motors having the same nozzle 
throat area A; (in.*). Mass flow rates of propellant gas are 
symbolized by w (Ibm-sec~!); the subscripts G, N, and M 
refer to gas generated by combustion, gas flowing through the 
nozzle, and gas flowing through the manifold, respectively; 
the subscripts 1 and 2 refer to the chamber numbers; and the 
subscripts 7 and f refer to initial conditions (without manifold) 
and final conditions (with manifold). It is assumed that the 
chamber pressure p, (Ibf-in.~*) in the first rocket is always 
higher than the chamber pressure pz in the second. 

When a manifold is used, the equilibrium rate of gas genera- 
tion in the first chamber must equal the rate at which gas 
flows out through the nozzle plus the rate at which gas flows out 
through the manifold 


wars = Weis + Wy... {1] 


In the second chamber the rate of gas generation plus the rate 
at which gas flows in through the manifold must equal the 
rate at which gas flows out through the nozzle 


(These equations neglect the small amount of gas which goes 
to fill the space left by the solid propellant which has burned.) 
Subtraction of Equation [2] from Equation [1] gives the 
fundamental material balance which will furnish the solution 
to our problem 


It is now necessary to express each of the three terms of this 
equation as functions of the propellant ballistic properties, 
the manifold area, the nozzle throat area, and the pressure 
differences p; — p2 with and without a manifold. 


Received July 21, 1955. 
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The equilibrium mass flow rate through a rocket nozzle is 
given by 


where the proportionality constant C'y is called the mass flow 
coefficient. Since the addition of a manifold affects only the 
chamber pressures, without changing Cy or Az, it is clear that 
we can write for the second term of Equation [3] 


— Woe) = [5] 


where Apy = pis — Pez is the desired difference in chamber 
pressures to be achieved by adding a manifold. 

To obtain the first term of Equation [3] we note that the 
rate of gas generation from a burning solid propellant is rA pp, 
where r (in.-sec~) is the linear burning rate, A» (in.?) is the 
propellant burning area, and p, (lbm-in.~*) is the density of 
the solid propellant. Furthernore, r can ordinarily be take: 
as proportional to p” where n is a constant. Hence, for the 
rate of gas generation in a chamber without a manifold we ca: 
write 


When there is no manifold, the rate of gas generation must 
equal the rate of gas flow out the nozzle, which is given by 
Equation [4]. Consequently, it can be seen that the constant 
k of Equation [6] is given by 


k= CLA” se win vee (7] 


It is important to note that here p; is a constant, being the equi- 
librium chamber pressure corresponding to the nozzle throat 
area A;. On the other hand, p in Equation [6] is a variable, 
and by differentiating that equation with respect to p, we can 
see the effect on the rate of gas generation when a manifold is 
added, thereby changing p. Thus 


Wes — = Awe = [8] 


where Ap = py — pi. An equation of this type holds for each 
chamber, and we can write, therefore, the following two 
equations 


ways = + Awa = C,Adpu + nApi)........[9] 
= Wer + Awe: = C,Ad poi + nApz)....... [10] 


In obtaining these equations use has been made of Equation 
{7}. Subtraction of Equation [10] from Equation [9] gives 
the desired expression for the first term of Equation [3] 


(weir — = Ap; + nApy — nAp;)..... [11] 

where 


There remains the flow through the manifold to consider. 
The necessary equation is the same as that for the flow of a 
compressible fluid through an orifice (Ref. 1) 


wu = 0.67CYAuW (14] 
where 
C = empirical discharge coefficient, including the velocity- 
of-approach factor 
Y = net expansion factor, a function of the pressure ratio, 
the ratio of specific heats, and the velocity-of-approach 


factor 3 
pg = gas density, lbm-ft~* 
Am = cross-sectional area of manifold, in.? 


This equation furnishes the third term of Equation [3]. 
When Equations [5], [11], and [14] are substituted in Equa- 
tion [3], we obtain the following expression for the area of the 
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manifold in relation to the nozzle throat area 
Au — n)(Ap; — 
A 1.34CY V p,Ap, 


Some simplification is possible by first expressing Ap; and 
Ap, as percentages of the final pressure in chamber 2 


100Ap;/poy = [16] 
With these substitutions Equation [15] becomes 
A, 13.4CY Vp, \ WP, 
Next we note that according to the perfect gas law 
py _ RT, 
Po M 
where 
R = universal gas constant, 10.73(Ibf- in. ~?)/(Ibm-mol- 
°R) 
7, = gas temperature, °R 
M = molecular weight 


Moreover, the theoretical expression for the mass flow coeffi- 
cient is (Ref. 2) 


[20] 
V RT,/M 
where 
2 
2(y¥-1) 
(. :) [21] 
y = C;,/C,, ratio of specific heats 
Therefore, we can write 
[22] 
Po Cy 


With this substitution and taking CY = 0.59, r = 0.66 (for 
y = 1.26) we obtain 


Amu P;- 
— = 0.04(1 — n) x [23] 
At ( VP f 
And finally the expression for the diameter of the manifold in 
relation to the diameter of the nozzle throat is 


Du P; — 


A graph of this equation is shown in Fig. 1 forn = 1. To 
use the figure for other values of n, it is only necessary to 
multiply the diameter ratio Dy/D, read from it by (1 — n)!/2. 
It is unnecessary to make corrections for values of T corre- 
sponding to values of y other than 1.26, since the small 
effect is outweighed by uncertainties in the value of the 
discharge coefficient C. 

As an example of the use of Fig. 1, we may consider two 
rockets containing the composite propellant based on 
potassium perchlorate oxidizer for which ballistic data are 
given in Ref. (3). The value of n is given as 0.740, and the 
standard deviation of chamber pressure at a constant nozzle 
throat area is given as 4.74 percent. The standard deviation 
of the difference in chamber pressure between two similar 
rockets is thus 4.74+/2 or approximately 6.7 per cent. If it is 
desired to reduce this difference to 1.0 per cent, we read 
from Fig. 1 at P; = 6.7, P; = 1.0, that Dy/D; = 0.47 for 
n= 1. Multiplication by (1 — n)!/? = 0.51 gives Dy/D; = 
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Pressure Difference with Monifold, 
Fig. 1 Ratio of manifold diameter to nozzle throat diameter as 
a function of desired pressure difference with manifold Py. 
Lines are for constant values of the pressure difference without a 
manifold P;. Multiply Dy,/D; by (1 — n)'/2 


0.24. In other words, a manifold only one-quarter the 


diameter of the nozzle will reduce the pressure and thrust 
differences almost fivefold. 

No experimental tests verifying the validity of Equation 
[24] are known to the author. However, it is not likely that 
it is greatly in error, and the merit of relatively small manifolds 
thus appears worthy of trial. 
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A Flow Instability Following Shock 
Reflection from a Flared End of a Duct' 


GEORGE RUDINGER? and LOWELL M. SOMERS? 
Cornell Aeronautical Laboratory, Inc., Buffalo, N. Y. 


It was observed that violent pressure oscillations may 
occur in a duct following the reflection of a shock wave 
frem a flared end. These could be qualitatively explained 
by alternate periods of separation and reattachment of the 
flow in the flare. This view is supported by high-speed 
schlieren motion pictures of the flow just outside the exit of 
the flare which show that a number of vortices are emitted 
from the duct when pressure oscillations appear. Ap- 
parently, the instability occurs only when the flow becomes 
supersonic in part of the flare. While flow separation in the 
flare is not surprising, the mechanism of reattachment of 
the flow is not clear at this time. 


HE reflection of shock waves from an end of a duct which 

is terminated by a short flare is being investigated as part 

of a general study of nonsteady-flow phenomena. The 

purpose of this preliminary note is to describe an unexpected 

flow instability which was found to occur in the flare under 
certain conditions. 

A shock tube of 3.23-in. internal diameter was used to carry 
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out the experiments, and the pressure was recorded by means 
of a Rutishauser transducer and auxiliary electronic and photo- 
graphic equipment. Details of this experimental setup are 
described elsewhere (1).4 The flare was attached to the end 
of the shock tube and its profile formed by a circular arc of 
5-in. radius which smoothly increased the duct diameter to 
7.0 in. at the exit. Its length was 3.5 in. and the pressure was 
recorded at a point located 18 in. from the exit of the flare. 
Consider first the relation between the strength of the 
incident shock and that of the reflected expansion wave. This 
can be computed directly without preparation of a complete 
wave diagram if one assumes that the length of the flared 
portion of the duct can be neglected (2). The corresponding 
simplified wave diagram appears then as shown in the inset 
of Fig. 1, where 0,1,2, and e indicate the flow in the duct before 
and after passage of the incident shock wave, after passage 
of the reflected expansion wave, and in the exit section of the 
flare, respectively. The pressure ratio p2/po can be computed 


for various shock pressure ratios p/p» and expansion ratios of — 


the flare (ratio of the exit area of the flare Ae to the duct area 
A). Actually the pressure level pz is quickly established only 
at the flare inlet while further inside the duct it is more 
gradually approached because of the spread of the reflected 
expansion wave. 

Some results of such calculations for a ratio of the specific 
heats of y = 1.4 are shown as the solid lines in Fig. 1. For 
weak shock waves, pz is lower than pp and decreases with in- 
creasing shock strength or expansion ratio of the flare. At 
the same time, the flow velocity in region 2 increases until the 
flow at the inlet of the flare becomes sonic. This determines 
the largest depression of ps2 below po. If the shock strength or 
the expansion ratio is further increased, the flow at the flare 
inlet remains sonic while pe rises again. The flow in the 
flare then becomes supersonic at the beginning of the flare and 
a stationary shock is formed at such location that the sub- 
sonic flow in the remainder of the flare produces just the re- 
quired ambient pressure at the exit. It can be seen that a 
flare may have a remarkably large effect on the strength of the 
reflected expansion wave. While a shock pressure ratio of 
about 1.95 is required to produce sonic outflow from a straight 
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Fig. 1 Theoretical and experimental results for shock reflection 
from a flared exit 


Inset: Simplified wave diagram in which the length of the flared 
section is neglected. 
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Fig. 2 Pressure records obtained 18 in. from the exit of the 
flare for various shock pressure ratios 


The frequency of the sine wave below each record is 2500 eps. 


duct, this value is reduced to about 1.64 by a flare with an ex- 
pansion ratio of only 1.1. 

The effect of wall friction has not been considered in these 
calculations. Although generally insignificant, it does be- 
come important if the finally established steady-flow velocity 
is sonic or near-sonic. Since the flow at the flare inlet is sonic 
for a good part of the range of interest here, the calculated 
pressure at the point of measurement should be corrected for 
the pressure difference between this point and the flare inlet. 
Friction effects were neglected in the flare where the flow 
velocities cannot be sonic. The Reynolds number of the 
finally established steady flow is always in the neighborhood 
of 2 X 10°; accordingly, the calculations (3) were based on a 
constant mean friction coefficient for a smooth pipe and the 
value f = 0.0031 was used.’ The results of the calculations 
corrected for the pressure drop due to friction between. the 
point of measurement and flare inlet are entered in Fig. 1 as 
the dashed lines. 

A number of typical pressure records obtained with the 
described flare (expansion ratio of 4.7) are collected in Figs. 
2(a)-(h) for shock pressure ratios between 1.29 and 2.08. 
Most of these records show that the reflected expansion wave 
is followed by violent damped pressure oscillations, the initial 
amplitude of which may exceed one half of the pressure rise 
of the incident shock wave. These oscillations are not ac- 
counted for by a wave diagram analysis which predicts a 
smooth pressure decay. The first minimum, after which the 
pressure rises again, was determined from the records and the 
corresponding values are plotted in Fig. 1 (points marked as 
diamonds). The final pressure level that is established after 
the oscillations have died out is also indicated in the figure 
(circled points). 

The discrepancy between the anticipated and the recorded 


5 The friction coefficient f is here defined as the ratio of the will 
shearing stress to the dynamic head of the stream. 
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pressure variations can be explained if one assumes a sequence 
of alternate periods of flow separation and reattachment at the 
walls of the flare. The local pressure increases every time the 
flow separates, while reattachment causes it to drop again and 
the resulting pressure waves travel upstream. The pressure at 
the first minimum is indicative of the instant at which the 
flow separates from the wall for the first time. This point 
lies quite close to the theoretical curve for the flare used if the 
incident shock wave is weak enough to allow the flow to be 
subsonic throughout the flare (p/p) < 1.4 for A,/A = 4.7). 
Thus, separation did not take place until the fully expanded 
flow had been established. For shock waves that are strong 
enough to produce supersonic flow in part of the flare, the 
points indicating flow separation lie well above the theoretical 
curve. This implies that full expansion of the flow was never 
reached in these cases. If the flow in the flare is entirely sub- 
sonic, the pressure adjustment after flow separation is gradual. 
Ii the flow is partly supersonic, the adjustment can take place 
only through a shock wave since no other signal could travel 
upstream. 

The effects of this flow instability seem to be particularly 
pronounced when the incident shock wave is just a little 
stronger than necessary to produce sonic flow at the flare 
inlet. For weaker waves, the instability, apparently, does 
not occur. This view is supported by the findings from high- 
speed schlieren motion pictures which are discussed below. 
Probably the small residual oscillations, which can be noted 
on all records, are caused by transversal disturbance waves 
which originate at any slight irregularity of the duct. 

With increasing strength of the incident shock wave, the 
recorded pressure oscillations decrease in amplitude until they 
finally become insignificant, as in Figs. 2(g) and (h). This 
merely means that no disturbances are created in the flare 
which are strong enough to propagate upstream through 
the supersonic flow region but nothing can be said at this time 
about the flow inside the flare. 

The pressure that is established in the duct after the oscilla- 
tions have died out (circled points in Fig. 1) depends on the 
location of the point of flow separation in the final steady flow. 
For the particular flare used in these experiments, the effec- 
tive expansion ratio is seen to be near 1.1 for shock pressure 
ratios up to about 1.6. Even this small expansion ratio is 
sufficient for stronger shock waves to produce sonic flow at the 
flare inlet and the experimental points fall satisfactorily close 
to the theoretical curve for M; = 1.0 and with allowance for 
wall friction. 

In order to support the above qualitative explanation of the 
flow instability, high-speed schlieren motion pictures of the 
flow just outside the flare exit were taken. In the process of 
flow separation, a vortex is formed that is then swept down- 
stream, and it was expected that a whole series of vortexes 
should be emitted by the flare if the aforementioned explana- 
tion of the instability is correct. A conventional schlieren 
system was used in combination with a Fastax high-speed 
motion picture camera. The frame rate was about 6000 
frames per sec and a number of frames from one film are 
reproduced in Fig. 3. The pressure ratio of the incident shock 
wave was about 1.7 and the times indicated on the frames are 
measured from the instant when the shock wave arrives at the 
exit of the flare. At least ten vortexes can be counted in this 
case (only eight of them are shown in Fig. 3). On a similar 
motion picture taken with a shock pressure ratio of about 
1.3, only one vortex could be seen. This seems to support the 
hypothesis that no flow oscillations appear if the flow in the 
flare is entirely subsonic. 

While it is not surprising that flow separation occurs in the 
flared section, the reasons for reattachment of the flow are not 
clear at this time. A few experiments were also carried out 
with other flare configurations and similar observations could 
be made. The findings reported here are tentative and 
further work is being planned to obtain a better insight into 
the phenomena. 
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Fig. 3 Selected frames from a high-speed schlieren motion 
picture (about 6000 frames per sec) for a shock pressure ratio of 
about 1.7 


The time on each frame represents the interval since the arrival of 
the shock at the exit of the flare. (a), lst vortex; (b), 2nd and 3rd 
vortexes; (c), 4th and 5th vortexes; (d), 6th vortex; (e) 8th vortex; 
(f), 10th vortex. 


APPENDIX 


In a previous investigation (1), pressure records were taken 
with a straight open duct and it was noted that the expansion 
wave was always followed by a weak compression pulse. This 
can be seen on the record shown in Fig. 4 and may now be ex- 
plained on the basis of the results presented in this note. 
When a shock wave emerges from the duct, a vortex ring is 


ne. 


COMPRESSION PULSE 


Fig.4 Pressure record obtained 18 in. from the end of a straight 
open duct for a shock pressure ratio of about 1.5 


The frequency of the sine wave below the record is 2500 cps. Note 
the short compression pulse that follows the expansion wave. 
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formed at the exit; at first, it remains attached to the 
edge of the duct but, after a short time, it is swept down- 
stream (4). As long as the vortex remains attached, its 
effect on the flow is similar to that caused by a small flare and 
the pressure in the duct is, therefore, reduced slightly below 
ambient pressure. As soon as the vortex separates from the 
edge, the flare effect disappears and ambient pressure is estab- 
lished. 
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Equilibrium Performance Calculations 
for Ethylene Oxide as a Monopropellant 
—Including the Effects of the Solid 
Phase 


D. M. MEEHAN! AND SEBA ELDRIDGE? 
Aerojet-General Corporation, Azusa, Calif. 


HE theoretical performance of ethylene oxide as a mono- 

propellent has been reported by other investigators (1 
2).8 Preliminary calculations were reported by Robison (1) 
assuming decomposition of ethylene oxide to form only carbon 
monoxide and methane, or by subsequent decomposition of all 
of the methane to yield solid carbon and hydrogen. Recently, 
a more rigorous treatment of the decomposition process was 
presented (2), assuming the formation of CO, CHs, COz, Oc, 
H., C2Hy, and HO, and as a result of the calculations, the 
decomposition reaction of ethylene oxide was postulated as 


C.H,O ~— a CO + b CH, + c He. + d CoH, 


However, complete equilibrium relations involving solid car- 
bon have not as yet been reported, and the presence of this 
constituent seriously alters the nature of the decomposition 
products and, hence, the performance characteristics. 

In the present study, all possible decomposition products of 
ethylene oxide were considered. These include Cy), CO, 
CHy, CO., C2Hy, and The method developed 
by Kandiner and Brinkley (3) was used to establish the 
presence of solid carbon in the equilibrium gas mixture. All 
thermodynamic data for liquid ethylene oxide and its products 
were taken from publications of the National Bureau of 
Standards (4, 5). The results of the present investigation are 
shown for chamber pressures of 20 atm, 40 atm, and 60 atm 
in Tables 1 and 2, where all performance data are based on 
expansion to one atmosphere exhaust pressure. From this 
tabulation, it is seen that the solid carbon comprises approxi- 
mately 29 mole per cent or 26 to 28 per cent by weight of the 
chamber products, and this value increases to approximately 
36 per cent by weight at the exit temperatures under equilib- 
rium conditions. Ethylene and oxygen were found to be 
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Table 1 —. decomposition products of ethylene 
oxide at the adiabatic flame temperature 


Mole % (at 3 chamber pressures) 


Product 20 atm 40 atm 60 atm 
Ce) 29.39 29.26 29.08 
Co 18.50 18.54 18.71 
37.20 35.06 33.76 
CH, 7.01 8.58 9.56 
CO, 2.11 2.20 2.20 
H,0 5.79 6.36 6.67 


absent from both the flame gas and the exit gas compositions. 

Performance values were calculated for both the assumption 
of shifting equilibrium and frozen composition during ex- 
pansion. The results are presented in Table 2. For the re- 
actions involved, it is believed that the chamber composition 
is maintained for reactors of reasonable size, i.e., that tlie 
assumption of frozen composition is more applicable. For 
this reason, more complete results are given for the case of 
frozen flow. 

The decomposition products are a mixture of gases and 
particles of solid carbon; therefore, the usual compressible 
hydrodynamic equations do not apply without modification. 
The performance calculations discussed above were carried 
out assuming that the solid carbon maintains thermal and 
velocity equilibrium with the gas. These assumptions should 
closely approximate experimental conditions because the 
carbon particles formed are expected to be considerably 
smaller than 10u. Consequently, thermal and velocity lags 
will be insignificant (6). Since heat capacities of the decom- 
position products change appreciably over the expansion 
range considered, it was necessary to determine performance 
values by trial-and-error, that is, by determination of tempera- 
tures, enthalpies, etc. at constant entropy. The exact throat 
conditions (M = 1) were found in this way. Subsequently, 
c* was computed from the following relationship, which ac- 
counts for the presence of a solid phase in the gas stream. 


Pt M at 


The values of characteristic velocity so obtained can be com- 
pared directly with data calculated from the usual experi- 
mental relationship 

Aw 


c* 5 
w 


where p, is chamber pressure, p, throat pressure, a, weight 
fraction of gas in products, M; mean molecular weight of 
gas in products, g gravitational acceleration constant, R 
universal gas constant, 7’, throat temperature, a, throat sonic 
velocity, A, throat area, w weight flow rate of gas. 

The expression given for c* derives from the continuity 
relationship, the gas law applied to the gaseous portion of the 
mixture, and the relation 


p 
—= const 

The isentropic exponent, ¥, for the solid-gaseous mixture (see 
Ref. 7) is given by 


R 
¥ + ac, =f- Kase Q2C,) 
Mi 


where a, = weight fraction of solid, c, = mass specific heat of 
gas at constant volume, and c, = mass specific heat of solid. 
The values of y given in the tables at chamber, throat, and 
exit conditions were calculated using this last equation. 
Finally, values of the thrust coefficient, Cy, given in Table 
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Table 2 Theoretical performance of ethylene oxide 
20 atm 


40 atm 60 atm 
Parameter Shifting Frozen Shifting Frozen Shifting Frozen 
To °R 2137 2137 2227 2227 2281 2281 
Te 1642 1222 1602 1130 1579 1078 
Dey atm 1.0 1.0 1.0 1.0 1.0 1.0 
Isp, lb-see/Ib 169.6 162.8 188.0 178.1 196.3 186.0 
(all products)', lb/mole 12.40 12.56 12.67 12.90 12.86 13:42 
(gases only)', Ib/mole 12.58 12.79 12.99 13.27 13.27 
y chamber 1.21 1.21 1.20 1.20 1.20 1.20 | 
@» (all products), chamber, Btu/Ib°R 0.641 0.641 0.647 0.647 0.649 0.649 

1 Averaged between chamber and exit for shifting equilibrium, constant for frozen composition. 


2 were determined from Cy = V,/c*, where the exhaust 
velocity, V., was computed directly from the root of the en- 
thalpy drop. 

The equations used to calculate the performance parame- 
ters, c*, Cr, and y are outlined herein because the conven- 
tional expressions for their determination are based on a single 
gaseous phase and do not apply to a heterogeneous system. 
Therefore, revision of the standard equations to the forms 
cited above was necessary to complete the present study. 

Consideration of complete equilibrium relationships among 
all decomposition products of ethylene oxide has resulted in 
flame temperatures of from 80 to 180°R lower than those ob- 
tained by Glassman and Scott (2) for the same pressure range; 
the specific-impulse values presented herein for frozen com- 
position are approximately 3 to 4 per cent higher than those 
reported by these same investigators. A comparison of the 
results of this study with those of the earlier work of Robison 
(1) reveals that flame temperatures resulting from the forma- 
tion of only CO and CH, are approximately 400°R too high, 
and that if all of the CH, is assumed to decompose to C,.) and 
H,, the resultant temperature is 1000°R too low. The corre- 
sponding specific-impulse values determined from these two 
decomposition reactions are 1 per cent and 29 per cent, respec- 
tively, lower than the new frozen composition values. Even 
more startling is the low value of mean molecular weight 
(Table 2) determined in the present study; this is due to the 
large volume fraction of hydrogen present in the decomposi- 
tion products. 

The authors recognize the fact that the largest difference 


between the results of these equilibrium calculations and those 
obtained by Glassman and Scott (2) lies in the product com- 
positions and, hence, average molecular weight, and compara- 
tively smaller discrepancies were found for theoretical flame 
temperature and specific-impulse data. Nonetheless, solid 
carbon must be considered as a constituent of the equilibrium 
decomposition products of ethylene oxide; therefore, the data 
presented herein represent a soundly established theoretical 
yardstick with which experimental data can be compared. 
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Programs for the ARS 25th Anniversary Annual Convention in conjunction with the ASME Diamond 
Jubilee Meeting are being mailed to all ARS members. 

The anniversary meeting will include 11 technical sessions, a Space Flight Symposium, and a Forum 
on Letter Symbols for Rocket Propulsion, as well as a Section Luncheon and Honors Night Dinner. 
The meeting will be held at the Conrad Hilton hotel in Chicago, November 14-16. 
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Jet Propulsion News 


Jet Aircraft, Engines 

NEW version of the Super Sabre, the F-100C, was de- 

livered to the Air Force. The new North American 
craft can be fueled in flight and carries extra bombs and tanks 
under its wings. The Super Sabre, with new electronic fire 
control system, is armed with four M-39 20-mm cannon. 
F-100C is 47 ft long, 15 ft high, and has a 45-deg swept wing 
with a span of 38 ft. (Photo.) 


@ First production model of the Convair F-102A was de- 
livered to Edwards AFB. The delta-wing craft features new 
upswept tips with cambered leading edges. The fuselage is 
68 ft long, height is 18 ft, span is 38 ft. In the F-102A, a new 
version of the J-57 will deliver 17,200 Ib thrust and eventual 
power will be from the J-75 turbojet. The Ford Motor Co., 
Dearborn, Mich., is to produce three versions of the J-57. 
Production of 763 engines costs $195,572,897. The TF-102 
is to be a training model and is slated for tests in October. 
Featuring side-by-side seating, the craft will have the same 
rocket fire control system as the F-102 and can carry a full 
complement of rockets. The regular version of the inter- 
ceptor will carry FALCON missiles in missile bays adjacent 
to fuel tanks aft of the cockpit. 


@ Two other fighters—the McDonnell F-101 and the Lock- 
heed F-104—are now in an accelerated production program. 
A GE J-79 turbojet is to power the fighter-bomber model of the 
F-104, giving it a range of 1800 miles and a speed of Mach 2. 


@ The Republic F-105 is a new swept-wing attack bomber 
powered by two Allison J-71 turbojets. Rollout is expected to 
take place early this fall. Now powered by the J-57 turbojet, 
eventual use of the J-71 or J-75 will give it a design speed of 
Mach 2 and a range of about 2000 miles. Because of the 
extremely thin wings, all fuel is stowed in the fuselage. 


McDonnell 


New Demon 


Boeing 


B-52 sports new cross-wind landing gear 


Alfred J. Zaehringer, American Rocket Company, Associate Editor 


North Amer 


Long-range Super Sabre 


Vous 
XF8U-1, Navy fighter 


e A new transcontinental speed record was set by Air 
National Guard Lt. John Conroy when he flew his F-86 Sabre- 
jet from California to New York and back again in 11'/; 
hours. It was the first transcontinental round trip to be 
made between sunrise and sunset. 


@ XFS8U-1 is the Navy’s new carrier-based supersonic fighter. 
Chance-Vought is building the new plane which is powered 
by an afterburner-equipped J-57-P-4 turbojet. Performance 
data are still classified. Specifications call for a high rate of 
climb, high combat ceiling, and sonic speed in level flight. 
(Photo.) 


@ Deliveries of the new F3F-2N Demon are being made to 
the Navy by McDonnell Aircraft. The carrier-based fighter 
is powered by an Allison J-71 turbojet in the 10,000 lb thrust 
class. Thin wings and tail surfaces are of sharp sweepback 
provide a speed of 600 mph. Demon carries 20-mm cannon, 
rockets, and electronic equipment to put it into the all- 
weather class. (Photo.) 


@ Under an accelerated program, the Boeing B-52 is to be 
produced at a rate of 10 to 20 planes per month. Present 
production cost is about $10 million per plane; annual opera- 
tion of a B-52 wing of 30 planes costs nearly $40 million. The 
650 mph, 8 jet bomber is now equipped with a novel cross- 
wind landing gear which will enable the 350,000 lb B-52 to 
take off or land in a crabbing attitude. (Photo.) 


e@ Three new transport aircraft have made the news. 
Douglas is now working on the DC-8 jet transport which is to 
fly in December 1957. The swept-wing craft (photo) is 
powered by four J-57 turbojets of 10,000 Ib thrust each. 


Eprtor’s Note: The information reported in this Section has been selected from approved news releases originating with the Depart- 
ment of Defense, private manufacturers, universities, etc., and from published news accounts in journals and newspapers. The reports 
are considered generally reliable, although no attempt has been made to verify them in detail. 
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Specifications: gross weight, 211,000 to 257,000 lb; span, 
134.5 ft; length, 140 ft; cruising speed over 550 mph at 
above 35,000 ft; cruising range, 3,700 miles; capacity, 80-125 
passengers. Lockheed has received orders for its Electra 
turboprop liners. (Photo.) Probable power by four Allison 
T56 turboprops of 3750 eshp each, the Electra is slated for 
delivery in late 1958. Specifications: gross weight, 98,500 
lb; span, 95 ft; length 101 ft; cruising speed, over 400 mph 
at up to 30,000 ft; cruising range, 2,000 miles; capacity, 70 
passengers. Meanwhile, the Boeing 707 jet transport has 
lozged about 200 hours of flight since its first flight in July 
1954. The model is to be delivered to the Air Force as a jet 
tanker, the KC-135. Another version of the 707 is to be 
made available as a commercial jet liner with deliveries in 
1959 to airlines. 


@ The Canadian CF-100 is to be fitted with afterburner to 
give an increase of 15 per cent power. Also to be used is a 
Marquardt Aircraft variable area (iris type) nozzle. Mean- 
while, the CF-105 is a new delta-wing long-range jet inter- 
ceptor by Avro, Canada. Present thrust rating of this 
Ovenda engine powered craft is 18,000 lb, but this is expected 
to be boosted to 25,000 lb thrust with afterburner. 


@ Ina recent flight over Europe, the British RAF jet bombers, 
Victor and Vulcan, attained a speed of nearly 600 mph at an 
altitude of 59,000 ft. 


@ The French Super Mystere interceptor Dassault IV B.1, 
powered by an Avon RA7 turbojet engine, has made super- 
sonic flights and reached an altitude of 52,000 ft. Another 
French craft has made searing speed runs. The French 
SNCASO SO-9000 Trident is to get two Armstrong-Siddeley 
Viper turbojets. The main powerplant, which has pushed the 
craft to speeds of 800-930 mph in recent tests, are three rocket 
motors. Meanwhile, the jet transport, Caravelle S.E. 210 


Douglas 
Turbojets power new DC-8 


Turboprops become Electra 
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Navy’s jet boat 


has begun ground tests at the SNCASE plant at Blagnac. 
Flight tests of the craft, powered by two Rolls-Royce 
Avon RA 16 turbojets are soon scheduled. The S.E. 
210 cruises at 500 mph and carries a payload of 21,000 lb, 
equivalent to about 70 passengers. 


@ Heavy jet bombers were recently seen in large formations 
in the USSR. Among these were a sweptwing bomber, the 
Il-38, powered by four turboprop engines of about 5000 hp 
each; the Type 39 (Badger) twin jet bomber similar in size to 
our B-47; and the Type 37 (Bison) four jet bomber. Also 
seen for the first time were a new supersonic fighter, a new all- 
weather fighter, and the II-20, a four-jet transport. 


@ The first Swiss jet-—the FFA P-16 ground support fighter— 
has made its initial flight. The P-16 is powered by an Arm- 
strong-Siddeley Sapphire turbojet and is built by Flug & 
Fahrzeugwerke, A.G. The craft features thin, straight wings, 
tip tanks, dorsal fin and spine, and swept variable incidence 
tail. The plane is armed with two 30-mm cannon and ex- 
ternal rockets. 


@ Gas turbine engines have been installed in Navy LCVP 
landing craft by Boeing. (Photo.) Installation is the 
Navy’s first attempt to utilize gas turbines as the main pro- 
pulsion units of seagoing vessels. Other gas turbines have 
been used by the Navy for fire pumps, deicers, and generators. 


@ The first US jet engine to be licensed for foreign use is the 
GE J-47. The Fiat works of Turin, Italy, is to build the en- 
gines under an NATO agreement. 


e@ CAA approval for commercial use has been given to the 
Allison 501 (T56) turboprop engine. The T56 is now being 
used on the Lockheed C-130 transport and figures in the de- 
sign of two commercial turboprop airline designs. 


@ Five versions of the Boeing 502 gas turbine are in use as 
auxiliary power sources for starting jet engines. All models 
operate at 36,500 rpm and 53 psia, and have air hp ratings of 
140-210. The delivered air temperature is 410-425 F, and 
90-120 Ib of air can be delivered per minute. 


@ The new Bristol turbojet, Orpheus, delivers 3285 lb thrust 
with an engine weight of 746 lb. Orpheus has recently com- 
pleted its 150 hr test. Another Bristol engine delivers 4800— 
4900 lb thrust with an engine weight of less than 850 lb. 
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New Developments 


HE Armour Research Foundation, Chicago, IIl., has de- 

veloped a flame spray method of coating aluminum oxide- 
zirconium oxide ceramics on metals. The coat, up to 10 mils 
thick, is harder than tool steel and is to be used for aluminum 
and steel rocket nozzles. The spray gun uses oxygen, acety- 
lene, and nitrogen to obtain the 5500 F temperatures needed 
to fuse the cermet powder. Another Armour development is 
a vortex tube for use as a free air temperature indicator for 
supersonic aircraft. Air enters the tube at an angle, a vortex 
is created which cools the incoming air to compensate for the 
aerodynamic heating effect produced by high speed flight. 
The thermometer is designed for use up to Mach 1.5 and 
altitudes of from sea level to 60,000 ft; it operates independ- 
ently of the aircraft velocity and has little effect on perform- 
ance at altitudes of up to 40,000 ft. 


e A silicon carbide coated graphite liner by the Norton Co. 
for the uncooled sustainer motor on the NIKE has been suc- 
cessfully tested and will permit a 100 per cent increase in 
burning time. The Norton process is called ‘Rokide” 
and allows coats of 5-50 mils to be placed on various mate- 
rials. Aluminum oxide is used to coat metals and silicon 
carbide for graphite. The oxide coatings are said to be ex- 
tremely durable, flexible, and resistant. They are applied 
in a molten form by a metalizing spray gun. (Photo.) 


Norton 


Ramjet gets ceramic liner coating 


@ Operating temperatures can be upped with a new alumi- 
num alloy developed by the Aluminum Corp. of America. 
Designated as X2219, the heat-treated alloy has a yield 
strength of 21,000 psi at 500 F and 14,000 psi at 600 F. 
Alcoa is also working on a new alloy to be used at tempera- 
tures of 300-400 F for the skins of supersonic aircraft. 


@ Flexible hose suitable for use with high strength hydrogen 
peroxide has been developed by the Compoflex Co., Ltd., of 
London, England. The new hoses are made of “Molene,”’ 
a specially compounded polyvinyl] chloride, and ‘‘Terylene,” 
a Dacron-type material. One type of supported hose is 
available for suction or delivery, another type is unsupported. 


@ Accurate measurement of pulsating fluid flow is possible 
with a new flowmeter developed by the Dynamic Instrument 
Co., Cambridge, Mass. The flowmeter can be used with cor- 
rosive liquids at pressures up to 2000 psi and rates up to 8 
gpm. Dynamic frequency is about 2000 cps. (Photo.) 
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Dynamic Instrument 


New dynamic flowmeter 


e@ A new development by Socony Mobil Research La)., 
Paulsboro, N. J., may enable jet fuels—similar to JP-5— to 
withstand high temperatures when the fuels are used as cool- 
ants in supersonic aircraft. Temperatures in the 400-500 
F range caused gum deposits in filters, nozzles, etc. Pure 
hydrocarbons were found to be very stable and new cracking 
processes are to produce the newer, more stable fuels. Adidi- 
tives have also been found effective in reducing filter clogging. 


Facilities 

HREE new rocket facilities have been in the news. A 

calibration and test building, costing $1.5 million, at 
North American’s rocket propulsion lab is to be completed on 
July 20. Fort Crowder, Mo., is to be the location of a new 
Air Force Rocket Engine Test Facility. Manufacturing 
buildings will occupy about 200,000 square feet and 500 to 
1000 people will be employed there. Aerojet-General Corp. 
will operate the facility, with construction expected later this 
year. An auxiliary guided missile base is to be constructed 
at Cape Canaveral, Fla., and will support long-range tests at 
Patrick AFB. 


@ A new ranjet test facility has been completed at the Wright 
Aeronautical Div., Wood-Ridge, N. J. (Drawing) Construc- 
tion was begun in 1953 with the total cost near $18 million. 
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The test section of the new facility is about 14 ft in diameter 
and is almost 100 ft long. Conditions of from sea level to 
50,000 ft can be simulated. Another test section 12 ft in 
diam and almost 70 ft long has handled supersonic ramjets of 
up to 50 in. in diam. Steady flow tests of up to one hour can 
be supplied. For intermittent operations of up to 1 minute, 
a blowdown system can supply flow rates of up to 700 lb per 
sec. The test section has a speed range of Mach 1.5-5. 
Automatic instrumentation is used extensively. 


@ The new 8-ft supersonic Ames wind tunnel at Moffett 
Field, Calif., is unique in that data processing is to be speeded 
by a digital computer. Information will be automatically 
fed to the computer directly from strain gage balances in- 
stalled in the test models. The NACA tunnel, which can 
reach speeds of Mach 3, is powered by electric motors of 
216,000 hp. 


@ Three other wind tunnels are also of interest. Canada is 
getting a new supersonic wind tunnel at the Uplands Airport 
near Ottawa. The tunnel has a working section of 4-5 ft, is 
capable of speeds of up to 3000 mph, and is a part of the 
Canadian Defense Research Laboratory. Completion of 
$3.5 million facility is expected in 1958. Another new wind 
tunnel is being placed into operation by the Armstrong- 
Whitworth firm at Coventry, England. The British super- 
sonic tunnel is for use at speeds in the Mach 0.3 to 3.0 range. 
Speeds can be varied by use of nozzle blocks which have 
been precalibrated. Automatic data-gathering devices are 
to get extensive use. Technion, the Israel Institute of 
Technology at Haifa, Israel, is planning a supersonic wind 
tunnel in the Mach 1.5-4.5 range. Photographic instrumen- 
tation is to be used. 


Rockets and Guided Missiles 


@ TALOS is a new supersonic AA missile powered by a 
McDonnell Aircraft ramjet engine. Bendix is to build the 
missile at Mishawaka, Ind. 


@ REGULUS, by Chance Vought, is now being made in 
three versions. One is a flight test vehicle with wheels 


which can be landed after a hop and re-used many times. 
One REGULUS has logged 15 flights. The second version is 
tactical, without wheels, to carry a warhead. The third is a 
drone for training in high-speed gunnery. The two latter 
missiles can be launched from land-based trucks, from carrier 
decks, guided missile ships, cruisers, and submarines. They 
are controlled by radio and flown by a mother plane which 
brings them in. Some are landed by ground crews with the 
same control equipment. 


@ The USS Boston, formerly a heavy cruiser, has been 
modified as a guided missile ship. The Boston is the sister 
ship of the Canberra, also a guided missile ship. The USS 
Mississippi was the first Navy ship to employ guided missiles 
when she fired TERRIER AA rockets in fleet operations. 


@ Two squadrons of the FIREBEE target drones are planned 
by the Air Force in a training program at Yuma, Ariz. An- 
other new program—using new Q-2A FIREBEES—is to be 
started at Holloman AFB. Future models will be equipped 
with firing error indicators, air-to-air radio controls, and 
smoke-generating equipment. The new drones will also be 
modified to permit operations at altitudes of less than 500 
ft. 130 Q-2A’s are being produced by Ryan. 89 drones are 
to be delivered during the last half of 1955, to be followed by 
the remaining 41. The Air Force has received 62 XQ-2 
FIREBEES, and about 120 test flights have been made. 


@ In a tactical exercise, an entire squadron of B-61 MATA- 
DOR missiles was airlifted from Germany to Tripoli. Fir- 
ings took place in the Libyan desert in June. 


@ Unofficial reports indicate that the Northrop SNARK, TM- 
62, missile has a range of about 5000 mi. SNARK, powered 
by a turbojet engine of 10,000 lb thrust, cruises at an altitude 
of 40-45 thousand feet with a speed of about 600 mph. It is 
said to be launched from a zero-length launcher with RATO 
and is guided by celestial navigation and autopilot. The 
missile has a swept vertical tail, is 60 ft long, and has swept- 
back wings of 40 ft span. Testing is now being made at 
Cocoa, Fla. 


Roundup on RATO 


ATO, rocket assisted take-off, was the subject of dis- 
cussion at a joint ARS-IAS meeting held in New York 
on January 27, 1955. Many new and interesting facets of 
this important field of rocket application were touched on. 
(See listing of papers in Jer Proputston, January, 1955, p. 45.) 


Civilian Rockets 


Commercial jet aircraft will do well to consider RATO for 
civilian applications, suggested R. L. Hirsch of Aerojet- 


Panagra 
DC-4 passenger take-off at LaPaz, Bolivia 


Ocroper 1955 


General. Since 1942, over '/, million solid propellant units 
have been used by the armed services. Hirsch believes that 
airlines will use RATO at high airport elevations, high ambient 
temperatures, or for short runways to allow normal or near 
normal payloads. CAA has already certified the 14AS-1000 
and the Junior JATO 14KS-250 delivering 1000-lb thrust for 
14 see and 250-lb thrust for 14 sec, respectively. New units 
will be lighter and may feature increased performance and a 
smokeless exhaust. 


American Airlines 


American Airlines DC-4 freighter ATO at Mexico City 
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Aerojet-General 
Junior JATO 12KS-250B is shown competing with sister Ryan 
Navion airplane similarly loaded. On the left both have started 
ground rolls at the same time. At the right the plane with 


Tailor-Made Thrust 


By doing some juggling with solid propellant composition 
and configuration, extremely wide ranges of thrust programs 
are possible. This makes solid propellants ideal for boosters, 
stated H. W. Ritchey, Thiokol Chemical Corp. Ritchey 
differentiates various rocket applications by the velocity of 
the unit at burnout. For RATO this is 100-400 fps; boosters, 
300-1000 fps; single-stage rockets, 600-5000 fps. With a 
given propellant and nozzle, thrust can be programmed by 
varying the burning surface. For high thrusts where large 
burning areas are required, internal burning configurations 
can be utilized to keep motor walls cool. Grain design thus 
allows a very flexible choice of thrusts (see photos). 
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TIME 
Thiokol Corp. 
Grain geometries. A shows progressive burning, multiper- 
forated charge. B is internal-external ‘‘iota’’ grain. C also 
gives constant thrust if ends are inhibited. The cruciform grain 
in D is neutral-burning if properly inhibited. Cog-wheel system 
is shown in E 
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Thiokol Corp. 

Thrust programming may be obtained by combining fast and 

slow burning propellants. Star (slow burning) gives initial thrust 

and then lower level as an internal burning cylinder. Finally fast 
burning propellant produces high thrust 
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‘‘Junior’’ has outdistanced the other plane and is airborne in 40° 

climb. Unboosted plane is still on ground. In tests where the 

Navion would need 875 ft to clear 50 ft, the use of one such 
JATO would reduce this distance to 300 ft 
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Thiokol Corp. 


Internal-burning cylinder charge. Increasing burning area 
gives progressive thrust, lower left, which may be extremely 
progressive with a high ‘‘n’’ propellant, lower right 
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Thiokol Corp 


Variations of star geometry. Top shows neutral burning (col- 

stant thrust) internal burning star. Variation of surface area 

can be kept constant to within 0.3%. Center illustrates degre’ 

sive thrust. At bottom the star is combined with the cylinder 
to give a two-stage thrust effect 
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Space Flight Notes 


Astronautics 


HE great excitement which attended the White House 

announcement of the Earth Satellite Vehicle (ESV) has 
now subsided. Although much of the planning and back- 
ground is still obscure, the situation seems to be about as 
follows: 

Although the organization to do the job has not been 
identified, missile engineers are generally agreed that it can 
be done within the allowed time. On August 16, at a Hayden 
Planetarium meeting on the ESV, Homer E. Newell, Jr., 
Head, Rocket-Sonde Research Branch, Naval Research Lab- 
oratory, Washington, D. C., presented a very clear review of 
the scientific utility of a small ESV. He left no doubt in 
his listeners’ minds that the NRL has thought seriously 
about an orbital vehicle and would be keenly interested in 
its construction and flight. 

The NRL is, of course, one of the senior agencies in this 
country in the domain of high altitude rocket research. Dr. 
Newell’s book, “High Altitude Rocket Research” (Academic 
Press, New York) and Milton W. Rosen’s book “The Viking 
Story” (Harper and Bros., New York) illustrate both the im- 
portant part which these two scientists have played in the 
NRL upper altitude program and the great experience which 
the Laboratory has gathered during several years of tests with 
V-2, Aerobee, and Viking rockets. 

The cost of the program is uncertain, although a figure of 
$10 million has been mentioned for the satellite alone. No 
figure has been mentioned for the cost of the carrier rockets. 
It is not likely that $10 million is to be spent for actual 
satellite hardware; for comparison, the payloads of the 
Deacon or Aerobee high altitude rockets cost from a few 
hundred dollars for the former to a few thousand, at most, for 
the latter. Of course, the greater required lifetime, dura- 
bility, and reliability required for the ESV payload will need 


First shot of the Aerobee-Hi hit 125 miles, others 135 miles, 
and the latest 180 miles 


Kurt R. Stehling, Bell Aircraft Corporation, Contributor 


much expensive development which may soon gobble up a 
large portion of the $10 million pie. 

The launching site could well be on a ship, such as the 
U.S. 8. Norton Sound which has fired the Viking and Aerobee 
rockets at sea. This might obviate the danger of an un- 
planned return in an inhabited region of the second or third 
stage of the ESV carrier. However, the extensive optical 
and radar tracking equipment extant at the Army Ordnance 
White Sands Proving Ground and the associated servicing 
facilities make this an attractive launching site. 

The data received from the ESV will be shared with the 40 
countries which participate in the International Geophysical 
Year program. The Soviet Union is included in this program. 


High Altitude 


Winzen Research Inc., Minneapolis, on August 5 launched 
a large balloon carrying a dozen live guinea pigs in a gondola. 
The balloon reached a record altitude (with this payload) of 
100,000 ft. The purpose of the flight was the study of cosmic 
ray radiation effects upon live animals as part of an Air Force 
sponsored program. No results have been announced. 

A subsequent flight on September 3 with a load of instru- 
ments and mice also reached an altitude greater than 100,000 
ft. However, a new substitute lightweight timer which 
would have released the gondola at a given altitude, failed, 
and the mice apparently were doomed by whatever dooms 
mice at 100,000 ft. 
p> A series of six balloon flights up to 90,000 ft altitude is 
planned by two Air Force Officers, Capt. E. G. Sperry and 
ist Lt. Henry P. Nielsen. According to National Geographic 
Magazine of August 1955, the purpose of the flights is re- 
search on high altitude parachute and bail-out problems. 
> High altitude rockets will be fired in Northern Ontario and 
Manitoba next year as part of a general aurora borealis re- 
search program. Balloon launched “rockoons,” boosted 
Deacons, and the ‘“‘Aerobee Hi’’ will be launched to altitudes 
of 200 miles. The program is to be jointly conducted by the 
Signal Corps, Naval Research Laboratory, and the Air Force 
Cambridge Research Center. 

The northern latitudes are very fruitful ones for the study of 
cosmic rays and such associated phenomena as the aurorae, 
which may be caused by charged particles entering from 
outer space. The configuration of the polar magnetic field 
is favorable for low altitude penetration of the slower, more 
abundant, charged particles. 


DID YOU KNOW? 


>» That the American Rocket Society began in 1930 as the 
‘American Interplanetary Society.” 

> That the present Jer Proputsion journal was named 
“Astronautics” before World War II. 

> That Herman Oberth in his book, ““‘Wege Zur Raumschiff- 
ahrt,”’ first printed in 1925 in Germany, described the orbits 
and techniques of satellite vehicles; also the possibilities 
of particle or photon rockets. 
This reviewer will begin a serialized review of Oberth’s 

famous classic (now out of print) in subsequent issues of Jet 

PROPULSION. 


Evrror’s Nore: This new section of the JouRNAL has been incorporated as a regular monthly feature in response to many requests 
tom ARS members. Mr. Stehling will offer news and comments on space flight and on such related topics as upper atmosphere re- 
search, astronomical findings, and aeromedical developments. From time to time, articles and lectures that have appeared elsewhere 
will be reviewed. Suggestions for subjects worthy of presentation will be welcome. 
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Just Published 


Vol. 1. Thermodynamics 
and Physics of Matter 


Edited by F. D. Rossini 


Fundamentals of thermodynamics; mo- 
lecular structure, bond energies, and acti- 
vation energies; statistical mechanics and 
the kinetic theory of gases; thermodyna- 
mic properties of real gases and mixtures 
of real gases; transport properties of 
gases and gaseous mixtures; critical phe- 
nomena; properties of liquids and liquid 
solutions; properties of solids and solid 
solutions; lag of equilibrium among the 
degrees of freedom of molecules; gases 
at low densities; the thermodynamics of 
irreversible processes. 830 pages. Over 
150 line drawings. $15.00 


Three volumes now ready in 
Princeton University Press’s important series on 


HIGH SPEED AERODYNAMICS 
AND JET PROPULSION 


Twelve volumes which will bring together in conventent, highly 
accurate, and well-organized form the recent advances in the related fields 
of gas dynamics, aerodynamics, combustion, and jet propulsion. 


EDITORIAL BOARD 
Tueopore von KinMAn 
Chairman of the Air Force Scientific Advisory Board 
L. Draypen 


A 


Director of the National Advisory C it for 
Hucn S. Taytor 
Dean of the Graduate School, Princeton University 


GENERAL EDITORS 
Josern V. and Martin SUMMERFIELD 


ASSOCIATE EDITORS 


Coteman pu Donatpson and Ricnarp S. SNEDEKER 


Previously Published 
Vol. 6. General Theory of 


High Speed Aerodynamics 
Edited by W. R. Sears. 
774 pages. 300 line drawings. $15.00 


Vol. 9. Physical Measurements in 


Gas Dynamics and Combustion 


Edited by R. W. Ladenburg, B. Lewis, R. N. Pease, and 
H.S. Taylor. 594 pages. Over 100 line drawings. $12.50 


Coming in December 


Vol. 2. Combustion Processes 


Edited by B. Lewis, R. N. Pease, and H. S. Taylor. 
670 pages. $12.50 


&@ Send for free brochure listing other titles in preparation 
and describing the full scope of the series. 


PRINCETON UNIVERSITY PRESS, DEPT. All, PRINCETON, N. J. 
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ARS News 


At the Gas Dynamics Symposium, Northwestern University, Evanston, Ill., Aug. 22-24 


First Gas Dynamics Symposium 


Scores Success 


About 180 combustion specialists, 

most of them shown in the above 
photo, attended the three-day meeting 
on Aerothermochemistry which marked 
the First Biennial Gas Dynamics Sym- 
posium at Northwestern University, 
Evanston, Ill., August 22-24. Sponsored 
by ARS and the Northwestern Techno- 
logical Institute with the cooperation of 
the Office of Scientific Research, Air Re- 
search and Development Command, the 
six sessions included 25 papers. 

The sessions were opened on August 22 
by Northwestern president J. Roscoe 
Miller and ARS president R. W. Porter 
and by Symposium Chairman Ali Bulent 
Cambel. 


At a banquet on August 23, H. Guyford 
Stever, U.S.A.F. Chief Scientist, urged all 
scientists to individually influence young 
people to take up careers in technical fields. 
He stated that more could be done through 
personal influence than through educa- 
tional and legislative steps. Introduced 
at the banquet by toastmaster Edward F. 
Obert, Northwestern professor of mechani- 
cal engineering, were: Cambel, Burgess 
Jennings, and Paul Klopsteg of the 
Technological Institute; Martin Summer- 
field, Editor-in-Chief of Jer Proputsion; 
Noah 8. Davis, vice-president of ARS; 
James Harford, ARS executive secretary; 
and Major Robert Crawford of the Office 
of Scientific Research. 


Summary of Technical Sessions 


by Alexander Weir, Jr. 
University of Michigan 


TURBULENT COMBUSTION 


Martin Summerfield of Princeton 
University discussed the status of research 
on turbulent flame propagation. Pro- 
fessor Summerfield presented CH and 
H,O traverses of turbulent flames as 
additional evidence that a “distributed re- 
action zone’ flame model represents a 
closer approach to an understanding of 
turbulent flame propagation than theories 
which attribute the increase of turbulent 
flame speed to an increase in laminar flame 
are caused by turbulent wrinkling. Dur- 
ing the ensuing discussion, A. C. Scurlock, 
Atlantic Research Corporation, indicated 
that the spectral traverses lent credulence 
to the wrinkled flame theory. In the 
following paper, John M. Richardson of 
Ramo-Wooldridge Corporation presented a 
mathematical theory of turbulent flames. 
Dr. Richardson’s model was a flame of 
vanishing thickness propagating through 
& turbulent fluid with a fixed normal veloc- 
ity with respect to the fluid, i.e., a simpli- 
fied version of the wrinkled laminar flow 
model. The burning rates of confined 
turbulent pentane air and kerosene-air 
flames were measured by four Johns 
Hopkins University researchers (J. J. 
Zelinski, W. T. Baker, L. J. Mathews III, 
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and E. C. Bagnall) and the combustion 
efficiencies obtained by gas sampling were 
correlated in an exponential form as a 
function of pressure, temperature, jet 
velocity, equivalence ratio, the jet length, 
the ratio of the total hole area (in the 
combustion can) to the combustion area, 
and the hole diameter. I. Kimura and 
8S. Kamagai of the University of Tokyo 
studied the length of diffusion flames 
formed by discharging the fuel gas in the 
center of an annular jet of air. They 
found that increasing the velocity and 
eddy diffusivity of the surrounding air jet 
increased the length of the diffusion flame 
and that this length could be predicted 
from the length in quiescent air by a 
simple relationship. 


FLAME STABILIZATION 


Several papers were devoted to a study 
of the recirculation zone behind bluff body 
flameholders. Edward E. Zukoski and 
Frank E. Marble of the California Institute 
of Technology measured the length of this 
zone by inserting a salt water probe in the 
flame. Temperatures in this zone were 
measured by sodium line reversal tech- 
niques and found to be ca. 90% of the 
adiabatic flame temperature, while the 


residence time of a particle in the zone was 
estimated to be 2.06 X 10-‘ sec. In the 
discussion which followed, Dr. Zukoski 
agreed that the sodium line reversal tech- 
nique measured maximum point tempera- 
tures rather than average temperatures 
through this zone. In the next paper, 
A. A. Westenberg (with W. G. Berl and 
J. L. Rice) of Johns Hopkins University 
presented combustion efficiencies and re- 
circulation zone lengths which were ob- 
tained by thermal conductivity measure- 
ments of samples downstream of the flame- 
holder. Helium was fed through the 
porous disk conical flameholder, while con- 
firmation of the zone lengths were obtained 
by using a salt bead on a wire probe. 

Two papers were presented by Mar- 
quardt Aircraft Company researchers. 
John W. Bijerklie stated that flameholder 
performance was affected by flame speed, 
drag, fluid dynamics, chemical kinetics, 
and turbulence generation. Edward P. 
French presented calculations which in- 
dicated that location of the flameholder 
in the inlet diffuser of a ramjet, while 
resulting in more pressure loss and higher 
velocities past the flameholder, would 
increase the range of a Mach 2 ramjet up 
to 8% due to the shorter combustion 
chamber (and hence lighter weight) re- 
quired. 


DETONATION AND THERMODYNAMICS 


All of the symposium papers were not 
devoted to deflagration. Joseph Rutkow- 
ski and James A. Nicholls of the Univer- 
sity of Michigan discussed the possibility 
of obtaining a standing detonation wave. 
Because of its relatively low detonation 
Mach number (4.5), the system hydrogen 
air was proposed. The stagnation condi- 
tions thus required (1000 psia and 2800°R) 
present a difficult heat exchange problem 
as well as requiring the supersonic mixing 
of the two reactants after their static 
temperatures have been lowered by ex- 
pansion. After the mixing, the detonation 
wave is to be stabilized on a wedge. 
Professor Rutkowski presented detonation 
polar diagrams, similar to shock polars, 
which indicated that strong and Chapman- 
Jouget detonations were attainable but 
not weak detonation waves. In the follow- 
ing discussion, A. Oppenheim of the 
University of California stated his con- 
tention that sonic velocity always occurred 
behind detonation waves (i.e., the Chap- 
man-Jouget conditions) and the strong 
detonation waves would not be stable. In 
a paper on the following day, Boa-Teh 
Chu of Johns Hopkins University pre- 
sented an analysis of the vibration of the 
gaseous column behind a strong detonation 
wave which indicated that it was closely 
related to the phenomena associated with 
spinning detonation. Professor Chu was 
able to explain the 1936 spinning detona- 
tion photograph obtained by Dr. R. P. 
Fraser of Imperial College, as well as more 
recent photographs obtained by J. A. 
Nicholls at the University of Michigan. 
R. M. Patrick and Arthur Kantrowitz of 
Cornell University presented a review of 
work done on strong shock waves in 
Argon. With gas temperatures up to 
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ELECTRONIC AMPLIFYING 
SWITCHING CIRCUIT 


Both electronic switches and electronic amplifiers are used successfully in com- 
puter design. A very unusual circuit, patented by the Ford Instrument Company, 
combines positive switching action with amplification, and is particularly useful 
in such applications as multi-speed servomechanisms, in which several signals are 
to be applied selectively to operate the mechanism. When such a circuit is used, 
the inactive signals can be left connected without producing any noise whatever 
in the response to the active signal. 

The key to the operation of this circuit is the voltage-doubler circuit consisting 
of diode A and gas tube B. When the signal voltage is below a specified level, gas 
tube B cannot fire and triode C draws a very large current, making the grid of 
tube D at almost ground potential. The cathode voltage of triode D is at a voltage 
B: above ground, thereby effectively cutting tube D off. If the signal voltage is 
above the specified level, gas tube B breaks down, cutting tube C off, thereby per- 
mitting tube D to conduct and actuate the servomechanism. The amplification 
produced by tube D, in addition to providing the required signal level at the 
servomechanism, contributes also to the effectiveness of the electronic switching, 
and the resultant circuit is more compact and has a higher parts economy than 
produced by the use of a separate switch and amplifier. 

Electronic circuitry is but one of the many facets of Ford Instrument design and 
development. Ford Instrument engineers work every day with control systems, 
using mechanics, electronics, hydraulics, electro-mechanics, magnetics, and atomics. 
If you have a problem in automatic control, Ford Instrument stands ready to 
help you. 


Visit our Booth #4 at MAN, THE ATOM AND THE FUTURE — 
Oct. 19-Nov. 3—Carnegie International Center, New York, N. Y. 


FORD INSTRUMENT COMPANY 


DIVISION OF SPERRY RAND CORPORATION 
31-10 Thomson Avenue, Long Island City 1, N. Y. 
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30,000°K, obtained from spectral measure- 
ments, the equilibrium time is less than 
10-* sec. Mr. Patrick then described the 
effect on the flow by surrounding the shock 
tube with a strong magnetic field. The 
use of “magneto hydrodynamics” allowed 
the computation of the equilibrium time 
behind the shock. 

Several papers on thermodynamics were 
presented. Shao-Lin Lee (with John F, 
Lee), North Carolina State College, dis- 
cussed total entropy production in chemi- 
cally irreversible processes, while the 
thermodynamic -properties of gases re- 
sulting from the combustion of Ca Hos- 
air mixtures were presented by H. N. 
Powell and S. N. Suciu, of the General 
Electric Company. 


LAMINAR FLAMES 


The opening paper in a session devoted 
to laminar flames was by S. S. Penner of 
the California Institute of Technology. 
Professor Penner, neglecting thermal dif- 
fusion, used the conservation and mo- 
lecular diffusion equations to relate the 
flame speed to pressure, i.e., Vr~P /?)-1 
where n is the order of the chemical re- 
action. Thus, for a second order reaction 
the flame speed is directly proportional to 
pressure. The introduction of calcula- 
tional procedures suggested by von 
K4rmén enabled calculation of hydrogen- 
bromine flame speeds in agreement with 
the experimental values. E. Mayer and 
H. Carus of Arde Associates also presented 
an analysis of flame propagation based on 
reaction kinetics. Dr. Mayer used the 
Arrhenius equation, assuming that a 
propane-air flame was a second order re- 
action, to check flame speed data of Dr. 
Friedman (Westinghouse) and Dr. Avery 
(Johns Hopkins). J. M. Singer, Joseph 
Grumer, and E. B. Cook of the Bureau of 
Mines compared flame speed data ob- 
tained with slot burners to data obtained 
using cylindrical bunsen burners. The 
data agreed more closely with propane-air 
flames than with methane or ethylene-air 
flames. In the ensuing discussion, Dr. 
Singer indicated that flame quenching was 
insignificant at low pressures, and that 
data obtained by R. E. Cullen (University 
of Michigan) which indicated that the 
presence of a heat sink was deleterious to 
flame propagation was invalid because of 
the wrong stiffness factor (= flow pres- 
sure/flame pressure) used. Dr. Singer 
cited the case of a water cooled flameholder 
in which no change in flame shape could be 
detected. Dr. A. Weir (University of 
Michigan) replied that recent spectral 
traverses of flat propane-air flame in- 
dicated that C., CH, and OH intensities 
were proportional to the amount of heat 
lost from the flame even though no appar- 
ent change in flame shape occurred. Dr. 
Singer indicated that bunsen flames would 
not be as liable to be affected as flat flames 
by quenching factors. 

In a second paper by Bureau of Mines 
personnel, John Manton and B. B. 
Milliken discussed flame speed measure- 
ments by spherical bomb techniques, at 
pressures as low as '/2;atm. Mr. Manton 
found that the exponent n (in the equation 
Sul/Su2 = (P,/P2)*) varied with burning 
velocity, and drew the conclusion that all 
burning velocities must approach a con- 
stant value at very low pressures. He 
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also indicated that mixtures with a posi- 
tive value of the exponent n were most 
likely to detonate. 

The results of spark ignition experiments 
were reported by C. F. Mozer and R. K. 
Sherburne of the New Mexico College of 
Agriculture and Mechanic Arts. Pro- 
fessor Sherburne distinguished between 
ignition with and without subsequent 
flame propagation by means of schlieren 
photography. The radius of the flame 
kernal was plotted versus time, and after 
about 200 microsec, the radius required 
for subsequent flame propagation was 
about 0.2 cm. A plot of critical kernel 
radius versus the ratio of hydrogen atoms 
to oxygen atoms had a minimum value at 
an H/O ratio of 1.0, while decreasing the 
spark plug gap width from 0.020 in. to 
0.010 in. resulted in decreasing the critical 
radius from 0.2 cm to 0.1 cm. 


NonsTEADY COMBUSTION 


The subject of combustion instability in 
rocket motors was discussed in two papers. 
Luigi Crocco and Jerry Grey of Princeton 
University found that a variable time lag 
was needed to characterize ‘screaming” 
combustion, although a constant time lag 
concept was adequate for “chugging” 
motors. Dr. Grey stated that increased 
stability is obtained for increased values of 
nin the relation 7’ P” = const (where T 
is the time lag and P the pressure). Thus, 
treating a rocket motor as a quarter wave- 
length pipe, longer chambers and/or 
higher chamber pressures result in in- 
creased stability. Some very interesting 
Fastex movies of chugging rocket motors 
were shown by Adelbert O. Tischler and 
Theodore Male of the National Advisory 
Committee for Aeronautics. Dr. Tischler 
indicated that the combustion time delay 
increased as the ratio of injector pressure 
drop to combustion chamber pressure in- 
creased, the nonchugging region occurring 
at the higher values of the latter ratio. 
The time delay decreased as the frequency 
of oscillations increased, nonchugging oc- 
curring at the longer time delay periods. 
In the discussion which followed, personnel 
from Aerojet-General indicated that 
shock fronted longitudinal waves occurred 
in their engines as well as the high fre- 
quency lateral oscillations considered by 
Dr. Tischler. 

G. H. Markstein and D. Schwartz of 
Cornell Aeronautical Laboratory, Inc., 
presented photographs of cellular slot 
burner flames. Dr. Markstein measured 
the minimum rather than the average cell 
width, this width remaining constant for 
equivalence ratios from 1.25 to 1.45, and 
increasing at a ratio of 1.75. Dr. Mark- 
stein presented graphs of flow rate versus 
equivalence ratio with the following 
regions indicated: flashback, unsteady 
cellular flames, steady cellular flames, and 
noncellular flames. Dr. M. Uberoi 
(University of Michigan) disagreed with 
the quenching theory advanced by Dr. 
Markstein. 


CompustTion oF CONDENSED PHASES 


_A number of papers were presented on 
liquid fuel combustion. C. C. Miesse of 
Aerojet-General Corporation found that 
the Weber number of the liquid, the 
Reynolds number, the Schmidt number, 
and the ratio of air kinematic viscosity of 
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TO THE FINE ENGINEERING MIND 
SEEKING THE CHALLENGING PROJECTS IN 
| 


ROCKET PROPULSION ENGINEERING 


ROCKET PROPULSION ENGINEERS are offered unusual career opportunities now 
at Convair in beautiful, San Diego, California, including: Design Engineers for 
design and analysis of advanced high performance rocket engine systems and 
components including propellant systems, lubrication systems, control systems, 
mounting structure, and auxiliary power plants; Development Engineers for 
liaison with Engineering Test Laboratories and Test Stations in the planning,. 
analysis, and coordination of rocket engine system and component tests; Devel- 
opment Engineers for coordination with Rocket Engine Manufacturers in the 
installation design, performance analysis, and development tests in conjunction 
with Convair missile programs. Professional engineering experience in rocket 
missiles and aircraft propulsion system development will qualify you for an 
exceptional opportunity. 

CONVAIR offers you an imaginative, explorative, energetic engineering depart- 
ment... truly the “engineer’s” engineering department to challenge your mind, 
your skills, your abilities in solving the complex problems of vital, new, long- 
range programs. You will find salaries, facilities, engineering policies, educa- 
tional opportunities and personal advantages excellent. 


Generous travel allowances to engineers who are accepted. Write at once 
enclosing full resume to: 


H. T. Brooks, Engineering Personnel, Dept. 1410 


CONVAIR 


A Division of General Dynamics Corporation 
3302 PACIFIC HIGHWAY SAN DIEGO, CALIFORNIA 


SMOG-FREE SAN DIEGO, lovely, sunny city on the coast of Southern California, 
offers you and your family a wonderful, new way of life ...a way of life judged 
by most as the Nation’s finest for climate, natural beauty and easy (indoor- 
outdoor) living. Housing is plentiful and reasonable. 
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THE WINSLOW 


GUILLOTINE GAGE 


Already in use by the leaders of the jet engine 
industry, this new kind of guillotine gage solves 


@ assembled from the problem of maintaining accuracy. Tem- 
eat plates are supported over a much larger area 
COPE. of their surface, making wear negligible. And 


alignment is guaranteed by heavy stacked 
towers that are bolted together for ruggedness 
and complete rigidity. Winslow’s new design 
and assembly from precision-built interchange- 
able parts give six big advantages. You get quick 
delivery and lower origina! cost. You save on 
maintenance—in case of damage substitution 
@ checks all 10 features of some parts can be made without even re- 
moving the gage from your inspection line. 

Gage down-time is cut, requiring fewer gages 

@ maintains original and avoiding costly production holdups. And 
accuracy finally, you reduce your gage investment with 
a truly multi-purpose instrument—check all 

10 features of a jet engine blade with a single 

@ lower original cost gage; check forging and finished part with 

only one gage. No more gage obsolescence— 

Winslow’s Re-Work Service quickly up-dates 

@ less down-time the gage when your part changes. Easy to use 

- and easy to read, the Winslow speeds produc- 

tion, gives ‘‘more accuracy for less money.” 


Write for literature, get the full story on Winslow 
for parts changes standard and special gages... for every pre- 
cision control problem. 


WINSLOW MANUFACTURING CO. 
1753 EAST 23 STREET © CLEVELAND 14, OHIO 


@ interchangeable parts 


@ quick delivery 


@ quickiy re-worked 


PRECISION ALWAY 


in. precision control 


the combustion rate of the droplet are im- 
portant parameters in droplet studies, 
R. 8. Carr, Jack Lorell, and Henry Wise, 
of California Institute Technology, applied 
chemical reaction kinetics to the steady 
state burning of a droplet to calculate com- 
position and temperature profiles. S. L. 
Soo and H. K. Ihrig of Princeton Univer- 
sity studied a similar problem, omitting the 
reaction kinetics, but including thermal 
and molecular diffusion neglected by the 
previous authors. Professor Soo found 
that the wet bulb condition was the most 
significant factor in droplet life. In the 
final paper of the symposium, G. P. 
Watchell of the Franklin Institute pre- 
sented a theory of the spread of flame in 
a propellant bed. A critical length was 
found for the propellant bed; for shorter 
lengths the pressure tends to become uni- 
form throughout the bed, while in longer 
beds the pressure difference between the 
middle and the end increase with time. 


Webb Succeeds Purdy 
in Maryland 


ILLIAM A. WEBB, project engineer 
at Aircraft Armaments, Inc., Balti- 
more, is the new president of the Mary- 
land Section, succeeding William G. 
Purdy of The Glenn L. Martin Co. 
Other officers are A. W. McCourt, Air 
Arm Division, Westinghouse Electric 
Corp., vice president; Henry A. Smith, 
Aircraft Armaments, secretary; Samuel 
Fradin, Miller Metal Products, treasurer. 
Purdy will continue to serve the Section 
as a director. Other new directors are 
James Burridge, Martin Co., and Milton 
Rogers, Aircraft Armaments. Continuing 
as directors are Ivan Tuhy of Martin and 
Joel M. Jacobson of Aircraft Armaments. 
Installation of officers took place at a 
June 21 dinner meeting. which also in- 
cluded a program presented by a student 
rocket group called “Rocket Research of 
Baltimore.” 


Diamond Heads 
Indiana Group 


EW officers of the Indiana Section in- 
clude Philip M. Diamond, president; 
Robert C. Bowlin, vice-president; James 
A. Bottorff, secretary; and Helmut Wolf, 
treasurer. 

On the Board of Directors are C. F. 
Warner, David G. Elliott, Alfred R. Gra- 
ham, Guy F. Cooper, and the above 
officers. D. E. Robison will serve as 
faculty adviser to the Section, whose 
members are principally from the Purdue 
University Rocket Laboratory in La- 
fayette. 


Southern Ohio 
Plans Award 


ENDIX Aviation _Corporation’s 
Hamilton Division will sponsor ad 
award to the Southern Ohio Section mem- 
ber presenting the best paper on a subject 
allied to rocket and jet propulsion at 8 
November meeting. 

The award is expected to be clock-pen 
set with a model rocket adorning it. 
Chairman of the Award Committee is 
John T. Marshall, chief engineer of the 
Hamilton Division. 


JET PROPULSION 
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AMERICAN ROCKET SOCIETY MEMBERSHIP — 
PROCEDURES, AND BENEFIT 


I Interpretation of the ARS 
By-Laws for Membership 


This note is intended to explain the pro- 
visions of those By-Laws of the Society which 
apply to membership. It will also explain 
the procedures used to admit new members, 
and to effect transfers in grade for existing 
members. 


Grades of Membership 


There are three types of membership open 
to individuals. We will discuss these, and 
try to describe the definitions so that future 
applicants will know into which category 
they most properly belong. 

(1) Member 

The By-Laws state: ‘‘Members shall 
consist of engineers and scientists who are 
actively engaged in the development or 
application of rocket or jet propulsion, other 
persons who have been working on the de- 
velopment or application of rocket or jet 
propulsion for at least four years and who 
hold or have held responsible positions in 
these fields, and such persons as may be 
deemed eligible for this class of membership 
by the Board of Directors by virtue of their 
outstanding accomplishments in other fields 
and their unusual interest in the purposes of 
the Society.” 

The phrase ‘‘development or application’’ 
does not mean that the engineer or scientist 
need necessarily be directly concerned with 
actual jet-propulsion-powered vehicles or 
missiles. His primary field of employment 
might be, for example, that of a civil engineer 
laying out a missile test facility or range. 
What is intended to be meant by the defini- 
tion is that the engineer or scientist be em- 
ployed in a job or government service whose 
over-all scope is one of developing and/or 
using jet propelled devices. 

(2) Associate Member 

“Associate members shall consist of 
persons, other than students, who are actively 
interested in the development or application 
of rocket or jet propulsion.”’ 

Here the criterion is whether or not the 
applicant has a strong and sincere interest 
in the American Rocket Society and its 
aims. The Society is anxious to maintain 
and augment its roster of enthusiastic, active 
members. 

(3) Student Member 

“Student members shall consist of persons, 
not less than 17 years of age, whose principal 
occupation is study at a recognized educa- 
tional institution or who are serving as 
enlisted personnel in the Armed Forces of 
the United States, and who are interested 
in the development or application of rocket 
or jet propulsion.”’ 

The institution in which the applicant is 
enrolled should be a fully accredited four- 
year college, or a recognized junior college 
whose credits are acceptable at one of the 
accredited colleges. Military membership 
is really a separate class of membership. 
In this way the Society wishes to lessen the 


financial burden on enlisted men in the Armed 
Forces. When a student member leaves 
college and when an enlisted man leaves the 
service (or becomes an officer) he will auto- 
matically become eligible for a higher grade of 
membership. 


II How to Become a Member 


1. Application forms may be obtained 
from either the local section membership 
committee, local secretary, or the national 
office. 

2. Return the application to either the 
local section membership committee, or the 
national office. 

3. The form should be filled out carefully 
and completely. Each reference given is 
contacted, so they should be able to answer 
questions about your technical background 
and abilities. 

4. You will be notified of the decision of 
the National Membership Committee within 
6 to 12 weeks. 


III How the Society Screens and 
Evaluates Applicants 


1. Ifthe application is submitted through 
a local section of the Society, their member- 
ship committee may carry out an initial 
screening. 

2. Normally, the application reaches the 
Society office in New York City before any 
formal screening, even though it may have 
been forwarded through a local section office. 
When it is received, the New York office 
prepares form letters which are sent to each 
of the references, for their evaluation and 
comment. 

3. When the confidential information 
forms are returned to the national office, 
the original application and the information 
forms are sent to the National Membership 
Committee for evaluation and final action. 

4. Notification of membership and grade 
is made to both the applicant and his local 
section office by the national secretary. 


IV Transfer of Membership 
to a Different Grade 


There are several possible transfers of 
membership between the Student, Associate, 
and Member grades. 

1. When a student member leaves college, 
he automatically becomes eligible for up- 
grading to either associate or member status, 
and the national office should be notified. 

2. Upon discharge from the service or if 
he becomes a commissioned officer, the 
serviceman becomes eligible for upgrading 
to either associate or member status. 

3. Transfers between associate member 
and member status are infrequent, but do 
occur. 

4. All membership transfers are imple- 
mented through the use of a special form, 
copies of which should be requested from the 
national office. 


G. P. Sutton 
1955 Chairman, Membership Committee 


SECTION PRESIDENTS 


search Foundation; Cleveland-Akron: 


Univ. of Minnesota. 


Alabama: Joszpx Wiaeains, Thiokol Chem. Corp.; Arizona: Cuas. J. Green, Hughes Aircraft Ce.; 
Central Texas: B. 8. Apetman, Phillips Petroleum Co.; Chicago: V. J. Cusnine, Armour Re- 
W. T. Orson, NACA; Detroit: Frap Nail, 
Research & Development Corp.; Florida: R. S. Mitcue.i, Pan American World Airways; Fort 
Wayne: Norman Baxzr, Indiana Technical College; Indiana: P. M. Diamonp, Purdue Univ.; 
Maryland: W.A. Wess, Aircraft Armaments, Inc.; National Capital: E.C. Paaz, Page Communica- 
tions, Inc.; New England: C. Lincotn Jewett, Arthur D. Little, Inc.; New Mexico-West Texas: 
R. C. SHerspurne, New Mezico A & M; New York: C. W. Cartiuson, Curtiss-Wright Corp.; 
Niagara Frontier: T. Zannes, Bell Aircraft Corp.; Northeastern New York: A. H. Fox, Union 
College; Northern California: M. A. Pino, California Research Corp.; Pacific Northwest: R. M. 
Briperorta, Boeing Airplane Co.; Princeton Group: Irvin GuassmMan, Princeton Univ.; 
St. Louis: Norton B. Moore, McDonnell Aircraft Corp.; Southern California: C. M. McCtos- 
Key, ONR; Southern Ohio: W. J. Mizen, Bendiz Aviation Corp.; Twin Cities: J. J. Scuons, 
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differential 
pressure 
transducers 


Reliable Statham unbonded stain 
gage transduction 


Precisely calibrated 
with high accuracy potentiometers 


Minimum response to vibration =. 
acceleration 


Temperature compensation 
over 315°F. interval 


Model P134 Pressure Transducers 
for the measurement of differential 
pressures are described fully in 
Bulletin MPT-134 
available upon request. 
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Military coding equipment takes one pulse and 
inserts it into a delay line and in effect sends it 
over a number of paths, each of different lengths. 
Combining the output of the paths gives a pulse 
train with pulses spaced in accordance with arti- 
ficial length of the path. Ordinarily the flexibility 
of the equipment is limited by the fixed taps in the 
delay line and the accuracy is established by 
auxiliary circuitry. 

Now Admiral research has developed a com- 
pletely new type of delay line which is infinitely 


variable within its over-all capacity. It is adjust- 
able withthe greatest facility for any desired 
interval. The accuracy of this line is limited only 
by the accuracy of the measuring equipment. 
Moreover, the Admiral delay line requires less 
complicated switching apparatus. Weight and bulk 
are reduced. Fewer components permit faster 
production at lower cost. Here is one more exam- 
ple of Admiral’s capabilities in the field of military 
electronics. Address inquiries to: 


Admiral 


OR P 


RATION 


Chicago 47, Illinois 


LooK 10 Admiral ror 

@ RESEARCH e DEVELOPMENT e PRODUCTION 
in the fields of: 

COMMUNICATIONS, UHF and VHF, airborne and ground. 
MILITARY TELEVISION, receiving and transmitting, airborne 
and ground. 

RADAR, airborne, ship and ground. 

RADIAC e MISSILE GUIDANCE e CODERS and DECODERS 
TELEMETERING e DISTANCE MEASURING e TEST EQUIPMENT 


FACILITIES BROCHURE 
describing Admiral plants, equipe 
ment and experience sent on 
request. 


ENGINEERS! The wide scope of work in progress at Admiral 
creates challenging opportunities in the field of your choice. 
Write to Director of Engineering and Research, Admiral 
Corporation, Chicago 47, Illinois. 
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Book Reviews 


C. F. Warner, Purdue University, Associate Editor 


Turboblowers, by A. J. Stepanoff, John 
Wiley and Sons, Inc., New York, 1955, 
377 pp. $8. 

Reviewed by R. C. BinpER 
Purdue University 


The word “turboblowers’’ refers to 
centrifugal and axial flow compressors and 
fans. This book deals with the hydro- 
dynamic and thermodynamic aspects of 
turboblower design. 

The chapter headings indicate such 
topics as fluid mechanics, theory of the 
centrifugal impeller for incompressible 
flow, vortex theory for incompressible flow, 
general incompressible characteristics of 
turbomachinery, hydraulic performance 
of centrifugal flowers, thermodynamics of 
blowers, blower casing, leakage, disk 
friction, and axial thrust, compression with 
cooling, centrifugal fans, single-stage axial 
flow fans and blowers, high pressure 
multistage axial flow compressors, appli- 
cation of blowers, and design of mixed 
flow impellers. 

This book discusses the art of building 
compressors in the United States and Eu- 
rope. New methods of attack on turbo- 
machinery problems are outlined. In- 
formation which is scattered in different 
places in the literature is excellently cor- 
related in this book. The design method 
for axial flow compressors is based on ac- 
tual fluid deflection and observed pressure 
and capacity coefficients rather than on 
lift and drag coefficients. The thermo- 
dynamic aspects of gas compression are 
treated with the concept of “available 
energy.” 

This book is well written and clear. 
Various numerical examples are given 
which help illustrate the text. The book 
is an excellent reference and is highly 
recommended for the engineering student, 
teacher, and practicing engineer. 


Gas Dynamics of Cosmic Clouds, edited 
by H. C. Van de Hulst and J. M. Bur- 
gers, Interscience Publishers, Inc., New 
York, 1955, 247 pp. $5.75. 

Reviewed by S. F. SincEr 
University of Maryland 


The present volume is a report of a sym- 
posium held at Cambridge, England, 
July 1953, and organized by the Inter- 
national Union of Theoretical Applied 
Mechanics and the International Astro- 
nomical Union. The purpose of the sym- 
posium was to bring together astrophysi- 
cists who are concerned with the proper- 
ties of interstellar gases in the universe 
and aerodynamicists who are concerned 
with more terrestrial problems. The idea 
was that aerodynamicists who have solved 
a limited number of problems of continu- 
ous media might have something to con- 
tribute to astrophysical theory and, per- 
haps, vice versa. Both aerodynamicists 
and astrophysicists have come up against 
the problem of turbulence and have been 
trying to incorporate it into their theories. 
In astrophysics there is the additional 
difficulty of the presence of magnetic 
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fields which enter into the description of 
the hydrodynamics of the gas, because of 
the very high conductivity of the ionized 
interstellar gas. In fact, the importance 
of the magnetic fields in cosmic physics has 
given rise to the science of magnetohydro- 
dynamics. 

There were some forty contributed 
papers and discussions at the symposium 
which appear in the present volume. 
They are divided into several parts, the 
first part dealing with the observational 
data of cosmical gas dynamics, and the 
second with the physical conditions of the 
interstellar gas. Then follows a set of 
papers on shock waves and collision prob- 
lems, and another set on turbulence and 
magnetic fields in a compressible gas. 
Finally there is a series of papers of more 
cosmological importance concerned with 
the formation of cosmic clouds and galax- 
ies, and in Part 6 a discussion of accretion 
problems, i.e., the acquisition of gas by 
means of gravitational action. The final 
portion of the program was concerned with 
gas and dust in the interstellar medium 
and their relationships. The papers in 
this volume are addressed mainly to a 
specialized audience, although there are 
some which are more of a review character. 


Millimicrosecond Pulse Techniques, by 
I. A. D. Lewis and F. H. Wells, Mc- 
Graw-Hill Book Co., Inc., New York, 
1954, and Pergamon Press Ltds., Lon- 
don, England, 310 pp. $7.50. 

Reviewed by F. W. Lenan 
Ramo- Wooldridge Corporation 


In the early days of radio the use of 
“wireless telegraphy and telephony” im- 
posed no requirements on the information 
bandwidth of the input and output cir- 
cuits other than being reasonably dis- 
tortion free to an upper frequency of a few 
thousand cycles per second. Fairly sim- 
ple engineering techniques were adequate 
to handle these keying and audio circuits. 
With the exception of an occasional 
lumped-constant analysis of a critical 
circuit, frequency-response and transient 
problems could be handled by large over- 
design. 

With the advent of pulse radar and tele- 
vision, the input and output circuits were 
now required to be quite low in distortion 
out to several megacycles per second. 
These requirements together with the 
components available at the time made 
close design necessary. Lumped-con- 
stant analysis was required for most new 
circuits and an occasional distributed con- 
stant analysis was needed. 

Improved components and understand- 
ing are making simple overdesign now pos- 
sible in some video circuits but the nuclear 
instrumentation field and possible trends 
in radar and communication are now 
creating a need for input-output circuit 
techniques capable of the low-distortion 
handling of a broad band of frequencies 
up to a few kilomegacycles per second. 
This new strain of the “state of the art” 
calls again for closer design techniques. 


RESEARCH PROJECTS 


AND 
RANGE 


One of the nation’s leading organi- 
zations in the field of aeronautical 
research, the Cornell Aeronautical 
Laboratory, is currently engaged 
in extensive investigation of the 
problems associated with flight at 
supersonic and hypersonic speeds. 
As these programs develop, op- 
portunities become available to 
technically competent men to 
join our staff. 


Two openings are described below. 
If you are interested in receiving 
more information about these 
specific assignments, or if you 
would like to inquire about other 
possibilities of employment, we 
shall be pleased to hear from you. 


STRUCTURAL PROBLEMS 
CAUSED BY AERODYNAMIC 
HEATING 


A major problem in the design of 
vehicles that will travel at the 
very high speeds of hypersonic 
flight is the prediction of their 
structural integrity under the 
high heat loading conditions to 
which they will be subjected. 
Analytical and experimental re- 
search is underway at Cornell 
aimed at obtaining a fuller under- 
standing of this “Thermal Bar- 
rier’ and the structural problems 
associated with it. Men selected 
for assignment on the structural 
phase of the program will work 
closely with a group that is mak- 
ing major contributions to the 
store of available data on hyper- 
sonic flow. At least five years’ ex- 
perience in the field of structures 
is desired. 
STRESS AND VIBRATION 
ANALYSIS 

The Laboratory has recently de- 
veloped and installed a new experi- 
mental apparatus for use in our 
program of supersonic propeller 
blade research. We are seeking 
young engineers with good back- 
grounds in either theoretical or 
experimental stress analysis for 
assignments in this project. 


CORNELL AERONAUTICAL 
LABORATORY, INC. 


Buffalo 21, New York 
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OLIN SOLID PROPELLANTS 
ARE READY FOR USE IN THE 
FOLLOWING APPLICATIONS 


* Missile Propulsion Units, Boosters * Power Packages for External 
and Sustainers, ATO Motors Stores, Canopies and Pilot 


* Solid Propellant Turbo Jet Engine Seats Forced Ejection Systems 


Starter Cartridges © High Explosives, Ignitors, Fuses, 
* Gas Generators and Auxiliary Detonators, Flares, Pyrotechnics 
* Explosive Formation of Meta! Parts 


Power Units 


a helping hand 


or 
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MCDONNELL F-101 VOODOO 


Armament Jettisoning Developments by the 
Explosives Division of the OLIN MATHIESON 
CHEMICAL CORPORATION Have Proved to be 
Ideal Solutions to a Variety of Jet Age Problems. 


Many tough missile and aircraft problems have 
yielded to speedy solutions with the specialized 
aid provided by Olin Explosives Division experts. 
Recently, new developments by leading aircraft 
manufacturers have greatly been expedited by 
the unmatched knowledge and know-how Olin 
automatically places at the disposal of a manu- 
facturer. If there is a possibility that any of your 
own problems can be answered through a creative 
utilization of solid propellants or explosives, a call 
to East Alton today may well prove an important 
step to a rapid solution. 
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Distributed constant analysis must fre- 
quently be used and occasional direct re- 
course to Maxwell’s equations in three 
dimensions is required. 

“Millimicrosecond Pulse Techniques” 
deals with the methods of generating, 
handling, and measuring kilomegacycle 
per second “video” signals. It is a fairly 
short (310 pages) résumé of techniques in 
this broad new field. 

Chap. 1 gives a brief résumé of the re- 
lated Laplace and Fourier transform 
methods of analysis. Chap. 2 applies 
such methods to transmission lines includ- 
ing helical lines and artificial lumped- 
lines. The Clogston line is briefly men- 
tioned and references given. Chap. 3 dis- 
cusses transformers, major emphasis being 
placed on tapered line transformers. 

Chap. 4 discusses Pulse generators of 
the discharge line type and the secondary 
emission type as well as mentioning a 
number of other schemes. 

Chap. 5 covers straightforward video 
amplifiers, secondary emission amplifiers, 
distributed amplifiers with mention only 
of traveling wave tube. Chap. 6 describes 
both conventional and special oscilloscope 
instrumentation techniques. Chap. 7 
gives specific nuclear physics application 
of the preceding chapters. It discusses 
such items as scintillation counters, spark 
counters, amplitude discriminators, and 
scaling and coincidence circuits. Chap. 8 
is a collection of miscellaneous applications 
such as signal generation for radio receiver 
testing and Kerr cell photography. This 
chapter does not seem to add much to the 
book. 

A certain amount of data on transmis- 
sion lines and tubes is included in the ap- 
pendixes and a long list of references is 
given for each chapter. 

The book is written from the point of 
view of an English atomic physicist inter- 
ested in instrumentation. This made its 
style and phrasing at times seem unusual 
to an American electronic engineer, but I 
found the freshness of viewpoint added 
rather than detracted from the book. 
The derivations in the book are sketchy 
but excellent full references are given. It 
is recommended to those interested in ad- 
vanced work in radar and communication 
technique as well as those interested in 
atomic instrumentation. 


The Physics of the Stratosphere, by R. 
M. Goody, Cambridge University Press, 
1954, 175 pp. $5. 

Reviewed by 8. F. Sincer 
University of Maryland 


This slim volume gives a brief and up- 
to-date account of the physics of the at- 
mosphere from the weather forming layers 
up to the base of the ionosphere (250,000 
ft.). It discusses the temperature of the 
stratosphere and the methods which have 
been used for measuring it. It gives a 
concise account of winds and turbulence. 
The treatment is particularly authorita- 
tive in the author’s own speciality, radia- 
tion and its control by radiative atmos- 
pheric components such as water vapor, 
tarbon dioxide, and ozone. The subjects 
discussed in this volume are of considera- 
ble importance to high altitude flight 
both with regard to aerodynamics and 
heating. This monograph will also be of 
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MISSILE 


SYSTEMS 


aerodynamics 


The rapid growth of missile 
systems technology has placed 
new demands on the ability 

of aerodynamics scientists. At 
Lockheed Missile Systems 
Division, new advances 

are required constantly in 
thermodynamic analysis, 
aerodynamic design analysis, 
flutter, aero-elastics and 

flight dynamics. 

Continuing experimentation 

at Jet Propulsion Laboratory, 
Ames Aeronautical Labora- 
tory, Gas Dynamics Facility at 
Princeton University, Naval 
Supersonic Research Labora- 
tory at Massachusetts = 
Institute of Technology, ie 
Langley Memorial Laboratory 2 
and other centers supports 

this program of expanding 

aerodynamic activities. 


AERODYNAMICS 


EXPERIMENTAL 


AERODYNAMICS 


EXPERIMENTAL 


AERODYNAMICIST 


MISSILE SYSTEMS DIVISION 


LOCKHEED AIRCRAFT CORPORATION 


VAN NUYS * CALIFORNIA 


These advances have created new positions 
for aerodynamics scientists possessing 
advanced academic training in the 
following areas: 


to perform theoretical analyses and evaluate 
experimental data on high-speed flow 
phenomena as related to performance and 
stability characteristics of missiles or 
supersonic aircraft. The position requires 

at least five years’ related experience. 


to plan, supervise, analyze and report on 
experimental programs. The position 
requires a sound background in supersonic 
aerodynamics and at least five years’ 
experience, preferably in wind tunnel testing 
or full-scale and free flight model testing. 


to assist in planning and reporting 

on experimental programs. The position 
requires one to two years’ experience 

in wind tunnel testing or full-scale and 
free flight model testing. 


research 
and 
engineering 


staff 
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ENGINEERS: 


PRINCETON UNIVERSITY 
Department of Aeronautical 
Engineering 
[Jet Propulsion Research 
Program 


Positions for qualified engineers, 
as described below, are available 
for work on basic and engineering 
researches in the field of jet pro- 
pulsion. These are key positions 
in the jet propulsion Research 
Program of the Department of 
Aeronautical Engineering, _lo- 
cated at the James Forrestal Re- 
search Center, Princeton Univer- 
sity. Opportunity is provided for 
responsible research in jet propul- 
sion and associated sciences. 
These positions are academic ap- 
pointments with corresponding 
university privileges, including 
one-month annual vacation, par- 
ticipation in graduate course 
work, and other benefits. 


SENIOR RESEARCH ENGINEER 


Recent Ph.D in any of the sci- 
ences relating to combustion, or 
MS with several years’ experience, 
to serve as engineer in charge of 
research projects. 


INSTRUMENTATION ENGINEER 


MS with several years’ experience 
or equivalent, to head instru- 
mentation group. 


JUNIOR RESEARCH ENGINEER 


Research-minded MS or BS with 
experience in rocket system tech- 
nology and/or propellant evalua- 
tion and background in chemistry, 
to serve as assistant engineer in 
charge of a research project. 


Please send résumé or request for 
further information to: 


Mr. J. P. Layton 


Chief, Jet Propulsion Research En- 
gineer 

Department of Aeronautical En- 
gineering 

James Forrestal Research Center 

Princeton University 

Princeton, New Jersey 


value to anyone wishing to get acquainted 
with the physics of the stratosphere and 
with the experimental methods used to 
investigate it. 


Physics and Medicine of the Upper At- 
mosphere, A Study of the Aeropause, 
edited by Clayton 8. White and Otis O. 
Benson, Jr., The University of New 
Mexico Press, Albuquerque, 1952, 584 
pp. $10. 

Reviewed by §. F. Sinczr 
University of Maryland 


This book is a likely candidate to be- 
come the classic in its field. It deals com- 
prehensively and authoritatively with all 
aspects of the upper atmosphere as seen 
from the point of view of the physicist, 
the engineer, and the biologist. 

The book is based on a Symposium on 
the Physics and Medicine of the Upper 
Atmosphere held at San Antonio, Texas, 
in November 1951, sponsored by the Air 
University School of Aviation Medicine 
and arranged by the Lovelace Foundation 
for Medical Education and Research. 
The papers presented at this Symposium 
have been expanded by the authors and 
form chapters in the volume. There are 
about 30 individual contributions dealing 
with a great variety of upper atmosphere 
phenomena. The physical problems dis- 
cussed include the characteristics of the 
upper atmosphere, its chemical aspects 
including the problems of ozone, and chap- 
ters on the various radiations and par- 
ticles from outer space: the solar radia- 
tion, cosmic rays, and meteors. The bio- 
logical problems include radiation effects 
and other environmental influences on 
human flight. In addition there are a 
number of shorter discussion papers deal- 
ing with methods and vehicles for research 
in the high atmosphere and with problems 
of human travel in the aeropause. 


Book Notices 


Proceedings of the Second U. S. 
National Congress of Applied Mechanics, 
825 pp., $9. The American Society of 
Mechanical Engineers. This book con- 
tains 95 papers presented at the Congress 
covering such subjects as_ elasticity, 
plasticity, fluid mechanics, vibrations, 
aerodynamics, heat transfer, and the be- 
havior of materials. 

Bibliography of Industrial Radiology 
1952-54 (Fifth Supplement to Industrial 
Radiology), by Herbert R. Isenburger. 
St. John X-Ray Laboratory, Califon, 
N. J., 1955, 24 pp., $3. A chronological 
listing of almost 700 references to periodi- 
cal articles, books, documents, and patents. 
English translations of the titles of foreign 
works are included. 
¢ Announcement has been received that 
Astronautica Acta, official journal of the 
International Astronautical Federation, 
, quarterly, is available from 

ooksellers at $9 yearly. Members of the 
Constituents Federation may obtain the 
journal at a reduction of 20 per cent 
through their Societies. 

American Mathematical Society’s 
Wave Motion and Vibration Theory, Mc- 
Graw-Hill Book Co., Inc., New York, 1955, 
169 pp., $7. This book, Volume V of aser- 
ies, contains fifteen papers delivered at the 
Fifth Symposium on Applied Mathe- 
matics of the American Mathematical 
Society. 


A Mechanical 

of Distinctive 

Ability 

An exceptional opening has developed for 
an engineer with just the right combina- 
tion of qualities to spark a design project 
in the advanced aircraft engine depart- 
ment of a long-established y. 
located in a pleasant mid-western city. 
This man must have originality, initiative, 
competence and tenacity. 

As for technical background, the engi- 
neer we are looking for may have spe- 


cialized in any of a wide variety of fields 
...HE MAY HAVE DONE BASIC 


RESEARCH on combustion systems, 
turbines or compressors, or over-all pre- 
liminary engine development. ..HE MAY 
HAVE CONCENTRATED ON TEST 
& EVALUATION WORK, determining 
performance characteristics of complete 
engines or engine components. .. HE 
MAY HAVE PLAYED AN IMPOR- 
TANT PART IN THE DESIGN AND 
DEVELOPMENT of compressors, tur- 
bines, bustion chambers, exhausts 
and accessories. . .or controls, high speed, 
high-temperature rotating turbo ma- 
chinery, lubricated parts and rotating or 
stationary parts. 


If you are a Mechanical Engineer with 
something EXTRA to offer please 

us complete details of your experience, 
in confidence: 


BOX D, AMERICAN ROCKET SOCIETY 
500 Filth Ave. New York 36, New York 


Over 85% of the torque wrenches 
used in industry are 


TORQUE WRENCHE 


manufacturer, 
design and 
production man 
hee 
this valua 
dota. Sent upon 


request. 


pa vant /co 


DISON [QUAL 
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| 
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3 
4 
| UR. YY 
S 
All Capacities N 
ll 
nces,..inch pounds 
(All siz s from 
0-6000 ft. Ibs.) 
2 
I 


Every 
nufacturer, 
Jesign 
yction man 
hould have 
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Sent upon 
request. 


OPULSION 


2,715,813 
Fuel injector and flameholder gages 


Frederick T. Holmes, Denver, Colo., and 
Robin E. Taylor, San Francisco, Calif., 
assignors to the U. 8. Navy. 

Burner assembly containing concentric 
manifolds, one containing a pilot fuel and 
another a supporting medium. Orifices in 
the manifolds are arranged in proximity 
to provide commingling jets. Nozzles 
direct a fuel spray to the pilot flames. 


Multiple pressure responsive control de- 
vice for a variable area nozzle of a jet 
engine (2,715,311). Richard J. Coar, 
Hartford Conn., assignor to United Air- 
craft Corp. 

Aircraft jet propulsion system having a 
variable area propelling nozzle controlled 
by a valve responsive to the ratio of ab- 
solute pressures existing at two spaced 
points in the gas flow path. 


Sintered titanium carbide alloy turbine 
blade (2,714,245). Claus G. Goetzel, 
seven, N. Y., assignor to Sintercast 

rp. 

Composite material shaped blade for 
turbines, with porous skeleton 

y, the trailing edge having increased 
ductility, improved resistance to thermal 
and mechanical shock and to bending and 
fatigue stresses. 


Flameholder device for turbojet after- 
burner (2,714,287). John C. Carr, Nor- 
wood, Pa., assignor to Westinghouse 
Electric Corp. 

Device in the combustion gas stream for 
effecting sufficient stagnancy to retain 
the flame formation. It is attached so as 
to permit relative thermal expansion with- 
out strain on the dasing structure. 


Gasoline air-hydropulse (2,714,800). 
Calvin A. Gongwer, Azusa, Calif., as- 
signor to Aerojet-General Corp. 

Jet ghee device adapted for op- 
eration through water. An automatic 
pressure-operable inlet valve inter- 
mittently passes water entering the duct 
in a downstream direction only. The 
escape of pressurized gases forces water 
within the duct toward the exhaust open- 
ing. 


172,170 


Pilotless aircraft design (172,170). I. 
Nevin Palley, Lancaster, Calif., assignor 
to Chance-Vought Aircraft, Inc. 


2,714,801 


Variable area nozzle for a gas turbine 
(2,714,801). Peter M. Sarles, Wilton, 
a assignor to Westinghouse Electric 


orp. 

nozzle for the control 
of the discharge of gases from the after- 
burner of a power plant. The casing has a 
reference pressure chamber, and an operat- 
ing chamber is connected to the turbine 
discharge passage. 


2,714,999 


Jet propelled bombing aircraft (2,714,999). 
Armand J. Thieblot and Rodger W. 
Davis, Hagerstown, Md., assignors to 
Fairchild Engine and Airplane Co. 

Plurality of combustion gas reaction 
engines arranged in circular series within 
the annular space adjacent to the rear end 
of a circular fuselage. Fuel is contained 
in the annular space forward of the en- 
gines. 


2,715,312 


Jet spoiler for gas turbine jet propulsion 
lant (2,715,312). Eugene Brame, Farn- 
rough, England, assignor to Power Jets 
(Research and Development) Ltd. 
Cylindrical member coaxially disposed 
around the rear end of the jet pipe, and 
bisected in an axial plane. The two parts 
have a rearward common diameter. Two 
deflectors with concave sides pivot so the 
jet stream is diverted to either side in 
proportion to the angular position of the 
deflectors. 


175,342 


Airplane design (175,342). Henry B. 
Gibbons, Alfred L. Jarrett, and Forbes 
Mann, Dallas, Tex., assignors to Chance- 
Vought Aircraft, Inc. 


George F. McLaughlin, Contributor 


2,715,815 


Resonance detector for jet engines 
(2,715,815). Emil A. Malick and Des- 
londe R. deBoisblanc, Bartlesville, Okla., 
assignors to Phillips Petroleum Co. 

Detector for reproducing a variable 
electrical output representative of flame 
intensity in a reaction motor, and means 
for sensing periodicity in the variations 
of electrical output. 


Combustion chamber for use with internal 
combustion turbines (2,715,816). James 
D. Thorn and Anthony V. G. Jackman, 
Lincoln, England, assignors to Ruston & 
Hornsby, L 

A main chamber having an inner cone 
dividing the inlet into two separate ducts, 
one in communication with the annular 
space for delivering primary air, and the 
other in communication with the main 
combustion chamber for delivering second- 
ary air. A vane in one duct causes air in 
one duct to take a predetermined path 
through the combustion chamber. 


Method of making turbine blades (2,716,- 
270). Emil F. Gibian, Cleveland 
Heights, Ohio, assignor to Thompson 
Products, Inc. 


{et engine (2,716,329). David R. Lunger, 
estfield, Pa. 


Fuel supply for ramjet powered helicopters 
(2,716,459). Ernest W. Toney, or- 
mandy, and Harold H. O. Stroff and Alb 
C. Ballauer, Ferguson, Mo., assignors to 
McDonnell Aircraft Corp. 


Wing-mounted jet nozzle for aircraft pro- 
ulsion and sustenation (2,716,528). 
avid M. Hammock, Falls Church, Va. 


Continuous flow and internal combustion 
engines and in particular turbo-jets or 
turbo-props (2,716,863). Lucien Rein- 
gold and Claude Foure, Paris, France, 
assignors to Office National d’Etudes et 
de Recherches Aéronautiques (ONRA). 


Controllable jet-driven helicopter rotor 
(2,717,043). Vittorio Isacco, Paris, 
France. 

Helicopter blades which can be tele- 
scoped to storage position and extended to 
operative position. Jet engines on the 
blade tips are fed by fuel lines wound on a 
reel rotably mounted at the root ends of 
the rotor blades. 


Airplane design (175,397). Ivan H. 

Driggs and Frampton E. Ellis, Jr., Mont- 

ean County, Md., and Abraham Hyatt, 
ashington, D. C. 


OeroneR 1955 


Eprror’s Nore: The patents listed above were selected from recent issues of the Official Gazette of the U. S. Patent Office. 
Printed copies of patents may be obtained at a cost of 25 cents each, from the Commissioner of Patents, Washington 25, D. C. 
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Technical Literature Digest 


M. H. Smith, Associate Editor, and M. H. Fisher, Contributor 
The James Forrestal Research Center, Princeton University 


Jet Propulsion Engines 


Investigation of Jet-Engine Noise Re- 
duction by Screens Located Transversely 
Across the Jet, by Edmund E. Callaghan 
and Willard D. Coles, NACA TN 3452. 
May 1955, 27 pp. 

Criterions for Prediction and Control of 
Ram Jet Flow Pulsations, by William H. 
Sterbentz and John C. Evvard, NACA 
RM §E51C27, May 1951, 63 pp. (De- 
classified from Confidential 4/14/55.) 

The Control of Turbojet Engines, by 
Donald F. Winters, Aeron. Engng. Rev., 
vol. 14, June 1955, pp. 62-65. 

Report of The Definitions Panel On 
The Definitions of the Thrust of a Jet 
Engine and of the Internal Drag of a 
Ducted Body, Gt. Brit. Aeron. Res. Counc. 
Current Pap. 190. (Formerly ARC Tech. 
Rep. 16793), 1955, 25 pp. 

Analyzing a Typical Simple-Cycle 
Turbo-Jet and Development 

am, by Merrill G. Hinton, Jr. and John 

. Wetzler, Gen. Motors Engng. J., vol. 2, 
May-June 1955, pp. 16-21. 


Heat Transfer and 
Fluid Flow 


Analysis of Fully Developed Turbulent 
Heat Transfer and Flow In An Annulus 
With Various Eccentricities, by Robert G. 
Deissler and Maynard F. Taylor, NACA 
TN 3451, May 1955, 42 pp. 

Compressor Surge and Stall Propaga- 
tion, by H. W. Emmons, C. E. Pearson, 
and H. P. Grant, Trans. ASME, vol. 77, 
May 1955, pp. 455-470. 

Pin-Fin Heat-Exchanger Surfaces, by 
W. M. Kays, Trans. ASME, vol. 77, 
May 1955, pp. 471-483. 

The Dynamics of Filled Temperature- 
Measuring Systems, by Otto Muller- 
Girard. Trans. ASME, vol. 77, May 
1955, pp. 591-595. 

_ High Temperature Thermal Conduc- 
tivity of Gases, by Albert J. Rothman and 
LeRoy A. Bromley, Indust. Engng. Chem., 


‘vol. 47, May 1955, pp. 899-906. 


Fluid Mechanics Studies—Isothermal 
Skin Friction in Flow Through Annular 
Sections, by R. R. Rothfus, C. C. Monrad, 
K. G. Sikchi, and W. J. Heideger, Indust. 
oh Chem., vol. 47, May 1955, pp. 913- 

On the Production of Sound by Jets, by 
Nigel Thomas, J. Acoust. Soc. Amer., 
vol. 27, May 1955, pp. 446-448. 

S.N.E.C.M.A.’s Aerodynamic Nozzle, 
Aeroplane, vol. 89, July 1, 1955, p. 22. 

Recent Developments in Boiling Re- 
search. Part 2. Pressure Drop, by W. 
H. Jens and G. Leppert, J. Amer. Soc. 
Naval Engrs., vol. 67, May 1955, pp. 
437-456. 

The Performance of a Type of Swirl 
Atomizer, by A. Radcliffe, Proc. Inst. Mech. 
Engrs., vol. 169, 1955, pp. 93-106. 


An Analogue Study of the — 
Distribution in Cooled Gas Turbine 
Blades, by C. F. Kettleborough, Brit. J. 
— Phys., vol. 6, May 1955, pp. 174- 
176. 

The Solution of Transient Heat Flow 
and Heat Transfer Problems by Relaxa- 
tion, by G. Liebman, Brit. J. Appl. Phys., 
vol. 6, April 1955, pp. 129-135. 

Extension of the Laws of Thermody- 
namics to Turbulent Systems, by Alfred E. 
Blackadar, J. Meteor., vol. 12, April 1955, 
pp. 165-175. 

Thermal Convection in a Long Cell 
Containing a Heat Generating Fluid, by 
W. Murgatroyd, Gi. Brit. Atomic Energy 
Res. Estab. ED/R 1559, Nov. 18, 1954, 
16 pp. 

Resonant Waves Emitted by a Jet of 
Air (in French), by Marie Merle, Comptes 
Rendus, vol. 240, May 23, 1955, pp. 2055- 


Entrainment and Turbulence in Open 
Gas Streams, by R. H. Gough, Proc. 
Phys. Soc., vol. 68B, April 1, 1955, pp. 
234-240. 


Mean Temperature Differences in Cross 
Flow Heat Transfer (in German), by A. F. 
Fritzsche. Allgem. Wéarmeubertragen; Z. 
a u. Kdltechnik, vol. 6, no. 1, 1955, 
p. 4-9. 

Transport of Momentum and Energy in 
a Ducted Jet. I. Experimental Study of 
a Nonisothermal Jet of Air Discharging 
into a Duct. II. Theoretical Study of 
Turbulent Transport of Momentum, En- 
ergy and Matter in Ducted Coaxial 
Streams. III. Correlation of Profiles of 
Total Momentum and Energy Flux in a 
Nonisothermal Jet Discharging into a Duct, 
by L. G. Alexander, Arnold Kivnick, 
E. W. Comings, and E. D. Henze, 
eo E. J., vol. 1, March 1955, pp. 55- 


Combustion 


Formation and Combustion of Smoke in 
Laminar Flames, by Rose L. Schalla, 
Thomas P. Clark, and Glen E. McDonald, 
NACA Rep. 1186, 1954, 21 pp. 

Stability and Burning Velocities of 
Laminar Carbon Monoxide Air Flames at 
Pressures Up to 93 Atmospheres, by 
Rudolph Edse and William A. Strauss, 
Wright Air Dev. Cent. TR 53-214, July 
1953, 31 pp. 

The Study of Chlorine Atom Reactions 
in the Gas Phase, by H. O. Pritchard, J. 
B. Pyke, and A. F. Trotman-Dickenson, 
J. Amer. Chem. Soc. vol. 77, May 5, 1955. 
pp. 2629-2633. 

Organ-Pipe Oscillation in Deep-Ported 
Burner, by Abbott A. Putnam and Wil- 
liam R. Dennis. Indust. Engng. Chem., 
vol. 47, June 1955, p. 1184. 

Burning Velocities of Iso es and 
Diisopropenyl Acetylene, by Paul Wagner, 
J. Amer. Chem. Soc., vol. 77, May 5, 
1955, pp. 2650-2651. 


Ignition Limits of Hydrogen Peroxide 
Vapor, by Charles N. Satterfield, Peter J. 
Ceccotti, and Alonzo H. R. Feldbrugge, 
Indust. Engng. Chem., vol. 47, May 1955, 
pp. 1040-1043. 

Applied Chemical Kinetics. XI. 
Heterogenous Catalysis, by J. C. Jungers 
and J. C. Balaceanu. Inst. Frangais du 
Pétrole, Rev. Ann. Combustibles 
vol. X, Jan. 1955, pp. 30-92. 

The Entrainment of Air by Flames, by 
W. A. Simmonds and M. J. G. Wilson, 
Gas Research Board, London, Communica- 
tion GRB 61, Nov. 1951, 31 pp. 

Some Calculations on Ideal Combustion 
in a Parallel Duct, by A. B. P. Beeton, 
Gt. Brit. Nat. Gas Turbine Estab. Mem. 
221, July 1954, 16 pp. 

Studies of Flames Burning with Chlo- 
rine Trifluoride, by G. Skirrow, R. A. M. 
Straker, and H. G. Wolfhard, Gt. Brit. 
Roy. Aircr. Estab. Rep. R.P.D. 22, Sept. 
1954, 12 pp. 

The High Temperature Hydrogen 
Bromine Reaction, by M. Plooster and 
David Garvin, Princeton Univ. Chem. 
Kinetics Project. TN 16, April 1955, 68 pp. 

Rich Blow-Off Limits of Binary Hydro- 
carbon Mixtures on a Bunsen Burner 
Shielded with Inert Gas, by Philip F. 
Kurz, Battelle Mem. Inst. TR 15036-25, 
April 29, 1955, 11 pp. 

Preflame Oxidation and Detonation of 
Cyclopentane and 2,2,4-Trimethylpentane, 
by B. J. Reitzer and G. G. Lamb, /ndust. 
Engng. Chem., vol. 47, June 1955, pp. 
1239-1243. 

Wave Action in Gases: the Attenuation 
and Reflection of Compression Waves 
Propagated in Pipes, by G. F. Mucklow 
and A. J. Wilson, Proc. Instn. Mech. 
Engrs., vol. 169, 1955, pp. 69-82. 

Approximate Theories for the Propage- 
tion of Flames, by Morton Mitchner. 
Harvard Univ. Combustion Aerodyn. Proj- 
ect. Interim TR 12, Feb. 1955, 37 pp. 


Instrumentation and 
Experimental Techniques 


Heat-Loss Characteristics of Hot-Wire 
Anemometers at Various Densities in 
Transonic and Supersonic Flow, by W. G. 
Spangenberg, NACA TN 3381, May 
1955, 82 pp. 

Measurement of Rapidly Fluctuating 
Pressures, by E. J. Diehl and H. Visser, 
Internat. Shipb. Prog., vol. 1, 1954, pp. 1-7. 

A Wider Choice of Missile Control In- 
strument Functional Characteristics, by 
B. C. Muzzey and V. J. Sims, Aeron. 
Engng. Rev., vol. 14, May 1955, pp. 73-76. 

What Can Electronic Simulators do for 
the Missile Designer? by Floyd E. Nixon, 
Aeron. Engng. Rev. vol. 14, May 1955, 
pp. 109-112. 

Ultrasonic Tester for Jato Propellant, 
Electrocircuits, Inc. Rep. 18, March 20- 
June 20, 1954, 7 pp. 


— 


Eprror’s Nore: This collection of references is not intended to be comprehensive, but is rather a selection of the most significant and 
stimulating papers which have come to the attention of the contributors. 
. literature is unavailable because of security restrictions. 
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A Double-Beam Method of Spectral 
Selection with Flames, by C. T. J. 
Alkemade and J. M. W. Milatz, Appl. 
Sci. Res., vol. B4, no. 4, 1955, pp. 289-299. 


Research on Direct Measurement of 
Rocket Exhaust Velocities, by R. Edse 
and L. E. Bollinger, Ohio State Univ. Res. 
Found. Quart. Prog. Rep. Sept. 1—-Nov. 30, 
1953, 21 pp. 


Fuels, Propellants, and 
Materials 


The Storage and Handling of Liquid 
Propellants for Rockets and Guided 
Missiles, by W. P. Henderson, Army 
Chem. Corps Tech. Command, CRLR 343, 
May 11, 1954, 72 pp. 

High Temperature Ceramic Coatings, 
Ceramic and Metal Ceramic Bodies, 
Illinois Univer. Dept. Ceramic Engng. 
Prog. Rep., Dec. 27, 1954—-Mar. 26, 1955, 
16 pp. 

Thermodynamic Properties of Ethylene 
(in German), by F. Cramer, Chemische 
Technik, vol. 7, Feb. 1955, pp. 68-82. 

The Heats of Combustion and Forma- 
tion of Boron Carbide, by D. Smith, A. S. 
Dworkin, and E. R. Van Artsdalen. 
J. Amer. Chem. Soc., vol. 77, May 5, 
1955, pp. 2654-2656. 

Rocket Engines and Propellants, by A. 
V. Cleaver, J. Brit. Interplan. Soc., vol. 14, 
May-June 1955, pp. 154-158. 

Using Hydrogen Peroxide, by A. V. 
Cleaver, J. Brit. Interplan. Soc., vol. 14, 
May-June 1955, pp. 159-164. 

Liquid Oxygen as a Rocket ay TY 
byS. Allen, J. Brit. Interplan. Soc., Vol. 14, 
May-June 1955, pp. 165-168. 


Specific Heats and Entropies of Hydro- 
carbons and of Some Combustible Liquids 
(in French), by M. Aubert, France. 
Ministére de l’ Air Pub. Sci. Tech. no. 297, 
1955, 202 pp. 

Hydrazine from Semicarbazide Sol- 
volysis, by George W. Watt and Joseph 
D. Crisp, Indust. Engng. Chem., vol. 47, 
June 1955, pp. 1206-1208. 

Viscosity and Density of the Nitric 
Acid-Nitrogen Dioxide-Water System, 
by D. M. Mason, Ira Petker, and 8. P. 
Vango, J. Phys. Chem., vol. 59, June 1955, 
pp. 511-514. 

Heats of Solution of Nitrogen Dioxide in 
the Nitric Acid-Nitrogen Dioxide System 
at 0°, by Keith Booman, G. W. Elverum, 
Jr., and D. M. Mason, J. Phys. Chem., 
vol. 59, June 1955, pp. 516-519. 

A Survey of High Temperature Ma- 
terials for High Speed Aircraft, SAF J/., 
vol. 63, July 1955, pp. 31-38. 


Space Flight, Astrophysics, 
and Aerophysics 


The Orbit Lifetimes of the Two New 
Earth Satellites, by H. B. Ketchum, J. 
Space Flight, vol. 7, May 1955, pp. 1-7. 

The Forbidden Line of Atomic Nitrogen, 
by René Bernard (transl. by Evro Layton, 
from J. Physique Radium, vol. 7, 1938, 
pp. 157-158), Amer. Meteorological Soc., 
April 22, 1954, 3 pp. 

A New Method of Investigating the 
Ion Spectrum in the Atmosphere, by 
E. K. Fedorov (transl. by John G. 
Estam, from Doklady Akad. Nauk, SSSR, 
vol. 82, 1952, p. 717-718), Amer. Meteoro- 
logical Soc., June 24, 1954, 4 pp. 


Astronautical Activities in Germany, b 
H. H. Koelle, J. Brit. Interplan. Soc. vol. 
14, May-June 1955, pp. 121-133. 

Recent Research On the Moon II, 
by H. Percy Wilkins, J. Brit. Interplan. 
Soc., vol. 14, May-June 1955, pp. 133-136. 

The Law of Space, by C. E. S. Horsford, 
J. Brit. Interplan. Soc., vol. 14, May- 
June 1955, pp. 144-150. 


Balloon-Launching an Earth Satellite 
Rocket, by Kurt Stehling, Aviation Age, 
vol. 24, July 1955, pp. 16-25. 

The Temperature of the Upper Layers of 
the Atmospheres (Up to 120 KM)—The 
Sodium Layer and the Noctilucent Clouds, 
by I. A. Khvostikov (trans. by David 
Kraus, Akad Nauk, SSSR, Chap. 9, 
Section 16, pp. 457-462 (1948), Amer. 
Meteorological Soc., May 27, 1954, 6 pp. 

Extra-Terrestrial Observations—Their 
Purpose and Location, by C. A. Cross, 
Brit. Interplan. Soc., vol. 14, May-June 
1955, pp. 137-143. 


Atomic Energy 


Liquid Hydrogen Bubble Chambers, b 
Harry Cline Dittler and Thomas Frank 
Gerecke, Atomic Energy Comm. UCRL- 
2985, May 10, 1955, 67 pp. 

A Reactor Control System Utilizing 
Boron Trifluoride Gas, by W. E. Cawley, 
Atomic Energy Comm. HW-34476, Jan. 
18, 1955, 20 pp. 

Can Nuclear Energy Drive Interplane- 
tary Rockets? by Clifford Mannal, Gen. 
Elect. Rev., vol. 58, May 1955, pp. 48- 
49, 51-52. 

Reactor Vessels, by B. A. Mong. Nu- 
cleonics, vol. 13, June 1955, pp. 66-69. 


@ ENGINEERS 
MAJOR EXPANSION 


Creates Promising Positions 
{for 

Aeronautical Engineers 
Chemists 

Chemical Engineers 
Mechanical Engineers 
Physicists 


Stimulating jobs with a future in 
Combustion Research and De- 
velopment .. . Applied Research, 
Development Engineering, Evalu- 
ation, Fundamental Engineering 
and Program Planning. 


At General Electric’s Aircraft Gas 
Turbine Development Depart- 
ment, there is a major permanent 
expansion, creating permanent 
positions with career possibilities 
as big as your own abilities. 
you havea BS, M S or Ph D, and 
would like to work for an estab- 
lished industrial leader, get in 
touch with us. Opportunities for 
those with or without industrial 
experience in the areas of Burner 
Design, Combustion, Fuels, Fluid 
Flow, Heat Transfer and Thermo- 
dynamics. 


Please send resume to: 


MR. J. L. ROACH 
AGT Development Dept. 


GENERAL Q@ELECTRIC 


Cincinnati, Ohio 


Ocroprr 1955 


THE APPLIED PHYSICS LABORA- 
TORY of THE JOHNS HOPKINS 
UNIVERSITY offers an exceptional op- 


portunity for professional advancement 
in a well-established Laboratory with a 
reputation for the encouragement of in- 
dividual responsibility and self-direction. 


Our program of 


GUIDED MISSILE 
RESEARCH and 
DEVELOPMENT 


provides such an opportunity for men in: 


SUPERSONIC MISSILE DESIGN 
WIND TUNNEL TESTS AND 
DATA ANALYSIS 
RAMJET DESIGN AND ANALYSIS 
ROCKET DESIGN AND TEST 
CIRCUIT DESIGN AND ANALYSIS 
ELECTRONIC PACKAGING 
DESIGN, TEST, AND EVALUATION 
OF MISSILE SYSTEMS 
FIELD TESTING OF RADARS 
AND GROUND SYSTEMS 


Please send your resume to 
Professional Staff Appointments 


APPLIED PHYSICS LABORATORY 
THE JOHNS HOPKINS UNIVERSITY 


8617 Georgia Avenue 
Silver Spring, Maryland 


Chemical 


or 
Mechanical 
Engineers 


Openings exist at the Jet 
Propulsion Laboratory for 
chemical or mechanical 
engineers with an interest in 
product design and develop- 
ment as applied to solid pro- 
pellant rocket motors for 
guided missiles. Candidates 
should hold a B.S., M.S., or 
Ph.D. degree from an ac- 
credited college or university. 


Airmail your resume to: 


JET PROPULSION LABORATORY 
Caltech 


4800 Oak Grove Drive 
Pasadena 3, California 
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POWERING: 


Subsonic and Supersonic 
Piloted Aircraft 


Guided Missiles 

Helicopters 
Convertiplanes 
Thrust Augmenters 
Target Drones 
JATO 


Designers & Manufacturers 
of Fuel Injection Nozzles 


DELAVAN Mfg. Co. 
WEST DES MOINES, IOWA 
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ENGINEERS 


ANNOUNCING EXPANSION 


of the ROCKET and RAMJET SECTION 
of General Electric’s Aircraft Gas Turbine 
Development Department 


The performance records of rockets and ramjets as oo 


plants for supersonic missiles and aircraft have 


led to 


accelerated design and development activities in the field. 
be yng who wish to contribute to advances in propulsion 
be interested in the following openings created by ex- 


pansion at GE 


ROCKETS 


Design and develop rocket engine 
valves, seals and piping. Estab- 
lish and maintain standards and 
instructions for their manufacture, 
test, and operation. 

, develop, + and test 
rocket" engine and piping. 
Prepare standards and “instructions 
for their manufacture, test and use. 
Assemble and test rocket engines 
from their functional components. 
Design and develop supporting 
members needed to mount engine 
components. 

Design, develop, and test 
propellant pum Conduct per- 
formance analys' 

n, develop, construct and test 
turbines. Conduct performance 
analysis. 


RAMJETS 


Review and evaluate ramjet speci- 
fications for missiles and aircraft, 
provide information for _prelimi- 
nary design to specifications, in- 
cluding engine size, layout, cycle, 
and estimated performance, as well 
as components, and operating con- 
ditions. 

Create, design and analyze ad- 
vanced ramjets for use in aircraft 
and missiles; recommend on ad- 
vanced components development. 
Create advanced inlet designs for 
high performance ramjets; provide 
data on aerodynamic design and 
performance of such inlets, and 
conduct theoretical and experimen- 
tal investigations of designs created. 


You'll be working with top men in the field, in small groups 
which stimulate exchange of ideas. Here, your talents can 


be easily recognized a 


rewarded. Eduational assistance 


and specialized technical courses are also 
you. And you'll live in Schenectady, N. Y., in 
hits of the Adirondacks, where there are excellent thellities 


for summer and winter sports. 


Please write, in confidence, details of your background and 
experience, and including initial salary requirements to: 


MR. J. L. ROACH 
AGT Development Dept. 


GENERAL ELECTRIC 


Cincinnati, Ohio 
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can be a part of the research and 
development team at Marquardt, one 
of the nation’s leaders in jet propulsion. You are not 
hampered by restrictions necessarily imposed by 
larger, more complex organizations ...at Marquardt, 
the sky has no limit! If you’re eager to begin creative 
thinking and doing...if you want to start building 
the foundations for your castles in the sky...then 
Marquardt is the place for you! 
You will enjoy living in climate-perfect San Fernando 
Valley — you will enjoy working with and for people 


who have their eyes on the skies of the future, where 


altitudes, speeds and acceleration are limitless! 


For information regarding employment, write: 


mMarquar a 


INDUSTRIAL RELATIONS DEPARTMENT 
ATTENTION: PROFESSIONAL PERSONNEL 


16553 SATICOY STREET * VAN NUYS, CALIFORNIA 
 & THE WEST'S LARGEST JET ENGINE RESEARCH AND DEVELOPMENT CENTER 


§ 1955 


NEW 
CONCEPTS 
IN 

STRIKING 
POWER 


with | 
REPUBLIC’S 


Guided Missiles 
Division 

Yes, our hard core of scientists 

and engineers is now pioneer- 

ing devices of a years-ahead 


nature, embodying new con- 
cepts in striking power. 


Here, the emphasis is on 7e- 
search, and engineers enjoy 
full scope for imaginative, 
long-view thinking. 


POSITIONS AT ALL LEVELS IN: 


Aerodynamics Electromechanical 
Control Systems Stress 


Design Technical Writing 
Dynamics Preliminary Design 
Electronics (Weapons System Proposals) 


If you are interested in the 
complex problems and unique 
career opportunities offered by 
this important weapons sys- 
tem organization, please write 
or call 

Mr. R. R. Reissig 

Administrative Engineer 

Wells 1-2373 or 1-2374 
NOTE: A big bonus is the ability to work and live on Long 
Island, Playground of the East, where miles of beaches, doz- 
ens of golf courses, and State Parks beckon the whole family. 
Model home communities and top rated colleges and universi- 


ties for graduate studies are within easy reach... for an all- 
round better way of life. 


Guided Missiles Division 
SPIE 
447 Broadway, Hicksville, L. I., N. Y. 


When writing or appearing, please furnish a detailed resume of 
your background and experience 
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OUD... 


primary source of 
actuating cylinders 
on the West Coast 


Gun Purge Door Cylinder — 3000 
3/4” bore x 2-1/2" stroke 


Door Latch Cylinder 3000 


| Armament Displacing Cylinder 
| 1500 psi air cylinder 
» 2” bore x 8-1/4" stroke 


M.L.G. Actuating Cylinder — 3000 
6” bore x 17-1/2” stroke 


When a manufacturer gains the reputation of being a 
primary source for any product, it is usually indicative 
that they have the “know how” and facilities to pro- 
duce at competitive prices. 

The ability to produce the smallest to the largest, the 
simplest to the most complex cylinders has made Loud 
top source for high quality —low priced units. 

In addition to making the ordinary actuating cylinder, 
Loud produces units containing integral mechanical 
locking devices, snubbing cylinders, power control @ 
booster cylinders, as well as a patented mechanically” 
locking cylinder adaptable to many applications wheg@ 
the load is required to be firmly held without press 
and yet easily unlatched and moved hydraulically 
pneumatically. 


Aileron Booster Cylinder — 1500 psi, 
1-9/16” bore x 6-1/8" stroke 


Powerplant Door Cylinder — 1000 psi 
air cylinder 1-1/4" bore x 8-1/2” stroke 
‘ w/mech. locks at both ends of stroke 


ineering and design 


Haskel Engineering 
Glendale, California 


Resident Sales Engineers located in Nose Gear Door Cylinder — 3000 psi, 
1-3/16”" bore x7” stroke 


Nose Wheel Steering Cylinder — 3000 
psi, 1-1/4" bore x 6-3/4” stroke 


H.W. LOUD MACHINE WORKS, INC. 


969 EAST SECOND STREET, DEPT. !2 POMONA, CALIFORNIA 


JET PROPULSIONS 


A 
i 
= 
National Sales and Service by 
Haskel-Loud Aircraft Service Corp. re 
Glendale, California : 2 : 
Kansas City (Independence), Mo. 
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